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I. INTROBUCTION

The problem of determining the currents induced in termination networks
at the ends of a multiconductor transmission line by an incident electro-
magnetic field is obviously quite important in determining the electromagnetic
compatibility of electronic systems. The digital computer program described
in this report is intended to be used for this purpose.

The special case of a transmission line consisting of two wires
(cylindrical conductors) immersed in a general, nonuniform field was consid-
ered by Taylor, Satterwhite and Harrison [3]. The equations for the terminal
currents obtained in [3] were placed in a more convenient form by Smith [4].
The special case of a uniform plane wave incident on a three-wire line

(the three wires lie in a plane) in the transverse direction (perpendicular

o

to the transmission line longitudinal (x) axis) with the electric field
intensity vector polarized parallel to the line axis was obtained by
Harrison in [5]. Paul has extended these special case results to (nt+l)
conductor (multiconductor) lines for an arbitrary incident electromagnetic
field [1,6].

This report describes a digital computer program, WIRE, which is
designed to calculate the sinusoidal,steady state,termina! currents induced
at the ends of a uniform, multiconductor transmission line which is 1)lluminated
by an incident clectromagnetic field. Three types of transmission line
structures are consldered, TYPE 1 structures consist of (ntl) parallel
wires., TYPE 2 structures consist of n wires above an infinite ground plane.
LtYPE 3 structures consist of n wires within an overall, cylindrical shield.

For each structure type, one of the conductors is designated as the

reference conductor for the line voltages. For TYPE 1 structures, the

-1-
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reference conductor is one of the (n+l) wires, For TYPE 2 structures, the
reference conductor is the ground plane. For TYPE 3 structures, the refer-
ence conductor is the overall, cylindrical shield.

All of the transmission lines sre considered to be uniform in the sense
that there is no variation in the cross-sections of the (n+l) conductors
along the transmission line axis and all (n+l) conductors ure parallel to
each other, All conductors are considered to be perfect conductors and the
surrounding medium 1s considered to be homogeneous, linear, isotropic and
lossless.

The incidert field can be in the form of a uniform plane wave for TYPE
1 and TYPE 2 structures or a nonuniform field for all structure types. The
uniform plane wave excitation is specified by data entries describing the
magnitude of the electric field intensity vector, the orientation of this
vector and the direction of propagation. These quantities will be made pre-
cise in the following chapters. For the nonuniform field, the data entries
are the values of tiie incident electric field intensity (magnitude and
phase) at points along the axes of the conductors and along contours between
the wires at the two ends f the line, Piecewise-linear behavior of the
fields (magnitude and phase) is assumed between these data points.

The primary restrictions on the program are that the cross-sectional
dimensions of the line, e.g., conductor separations, are much smaller than
a wavelength at the frequency in question and the ratios of conductor
separation to wire radii are greater than approximately 5. The first re-
striction is imposed to insure (in a ualitative fashion) that only the TEM
mode of propagation is significant, i.e., the higher order modes are non-

propagating. This requirement that the cross-sectioral dimensions of the

-2—




line are electrically small must also be imposed to insure that the definition
of voltage is independent of path if the incident field is not curl free in
the line's cross-sectional plane. (See Chapter 1I,) The second restriction
is necessary tc insure the validity of the entries in the ner~unit-~length
transmission line inductance and capacitance matrices. The entries in

these matrices are derived by assuming that the per-unit-length charge dis-
tributions on the wires are essentially constant around the peripheries of

the wires, i.e.,, the wires are separated from each other sufficiently to
insure that proximity effect 1s not a factor.

General termination structures are provided for at the ends of the
transmission line. These terminations are assumed to be linear.,

Chapter II contains the derivation of the equations for general field
excitations., Chapter IIT contains a derivation of the equivalent sources
induced in the structure types by uniform plane waves as well as nonuniform
fields. Chapter IV contains a discussion of the contents of the program.
Chapter V contains a User's Manual and Chapter VI contains examples which

are used to check the program operation.
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IT., MODEL DERIVATIONS

Cross-sections of the three basic types of structures considered by the
program are shown in Figure 2-1, The axis of the line is the x coordinate
and the (n+l) conductors are perpendicular to the y,z plane as indicated in
Figure 2-1. The TYFE 1 structure consists of (n+l) wires in which one of
the wires is designated as the reference conductor for the line voltages.
The TYPE 2 structure consists of n wires above an infinite ground plane
where the ground plane is the reference conductor for the line voltages.

The TYPE 3 structure consists of n wires within an overall cylindrical
shield., In this case, the shield is the reference conductor.,

All conductors are considered to be perfect conductors and the sur-
rounding medium is considered to be homogeneous, linear, isotropic and
lossless. The surrounding medium (howogeneous) is characterized by a
permittivity € and a permeability p, Throughout this report, the perme-
ability and permittivity of free space will be denoted by W, = 4 x 10—7
and €y & (1/361) x 10_9, respectively, and the permeability and permittivity
of the medium are related to the free space values by the relative perme-

ability, e and relative permittivity (relative dielectric constant}, €.

as u = W By, and € = €. €y respectively, For structure TYPE 1 and TYPE 2,

a logical choice for £_ and My would be 1 (free space). For structure TYPE 3,

r

a logical choize for the relative permeability, Hos would be 1 as is typical
of dielectrics, The program, however, allows for any €, and M for all
gtructure types,

The n wires are labeled from 1 to n and the radius of the i-~th wire is
denoted by it The reference conductor is designated as the zero-th con-

ductor, For TYPE 1 structures, the reference wire has radius L and the

e




Figure 2-1,

Cross-secrions of the transmission line structures.
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center-to-center separation between the i-th and j-th wires is designated as
djj. For TYPE 2 structures, the i-th wire is at a height hi about the ground
plane with a center-to-center separation between the i-th and j-th wires of

d For TYPE 3 structures, the interior radius of the cylindrical shield

ij*
is designated by o the i-th wire is at a distance r, from the shield center
and the angular separation between the i-th and j-th wires is designated by
eij'
Implicit in the folluwing is the requirement for the transmission line
to be uniform. Transmission lines considered here are uniform in the sense

that all (n+l) conductors have uniform cross-~sections along the line axis

and all n wires are parallel to each other and the reference conductor,

2,1 Derivation of the Multiconductor Transmission Line Equations

The distributed parameter transmission line equations for multiconductor
lines with incident field illumination can be derived and are similar (with
matrix notation employed) to the familiar equations for two-conductor lines
{1,2,6,7,8]. Assuming sinusoidal excitation at a radlan frequency w=2nf,
the electric field intensity vector,é?(x,y,z,t), and the magnetic field
intensity vector,):(x,y,z,t), are written asé?(x,y,z,t) = .I:t.(x,y,z)ejwt and

jwt. The complex vectors E(x,y,z) and ﬁ(x,y,z) are

):(x,y,z,t) = Hx,y,2)e
the phasor quantities. Line voltages,l/i(x,t) = Vi(x)ejwt, of the i-th
conductor with respect to the zeroth conductor (the reference conductor) are
defined as the line integral ofé? between the two conductors along a path in
the y,z plane. Vi(x) is the complex phasor voltage. The line current,é&(x,t)=

Jut associated with the i~th conductor and directed in the x direction

Ii(x)e
is defined as the line integral of?z along a closed contour in the y,z plane

encircling only the i-th conductor and I;(x) is the complex phasor cyrrent,

-6-
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The current in the reference conductor,é§o(x,t) = Ioejwt, satisfies IO =
n
i L ().

It is convenient to consider the effects of the spectral components of
the incident field as per-unit-length distributed sources along the line.
The sources appear as series voltage sources and shunt current sources as
indicated in Figure 2-2 for an "electrically small" Ax section of the line.
The multiconductor transmission line equations may then be derived for the

Ax subsection in Figure 2-2 in the limit as Ax*0 as a set of 2n coupled,

complex, ordinary differential equations [1],

V(x) + JuLI(x) = ¥ (x) (2-1a)

I(x) + Jucy(x) = I_(x) (2-1b)

A matrix M with m rows and n columns is denoted as mxn and the element

in the i~-th row and j~th column is denoted by [M]ij

nyxl vectors of the line voltages and currents, respectively. The elements in

. Y(x) and }(x) are

the 1-th rows are [y(x)]i = Vi(x) and [E(x)]i = Ii(x) and {S}(x)]i =
(d/dx)Vi(x). The nxn resl, symmetric, constant matri-es L and C are the

per-unit-length inductance and capacitance matrices, respectively, From

Figure 2-2 one can derive (2-1) and the entries in L and C become [1]

[E]ii = 21 + 20 - 2m10 {2-2a)
[L]ij = 20 + mij - my - mjo (2-2b)
i#]
and
n
[C] = c + I ¢ (2-3a)
S E R (UM &
1#]
¢ 1j = -cij (2-3b)
1#]
-7-
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The entries in Ys(x) and }S(x) are the per-unit-length distributed sources
along the line induced by the incident field, i.e., [ys(x)] = Vsi(x) and
[Is(x)] = Isi(x), as shown in Figure 2-2,

In order to consider general termination networks (and allowing inde-
pendent sources in these networks) we may characterize these as generalized
Thevenin equivalents [1]. For a line of total lengﬂui, the equations for

the termination networks at x = 0 and x = z are

v(0)

Yy - Z,1(0) (2-4a)

Y(i) = Vi+ fi _]_:(r) (2-4b)

where YO and Yi are nxl vectors of equivalent open circuit port excitation
voltages, [YO]i = VOi and [Yili = YIi’ and ?o and %Z are nyn symmetric im-
pedance matrices as shown in Figure 2-3. This 1s, of course, a comnletely
general and arbitrary characterization of these linear termination networks,
The entries in these termination equations can be easily determined for a
given network by congidering Vi(O) and Vi(i) (the termination port voltages)
as independent sources, and writing the loop current equations for each
network where Ii(O) and Ii(i) are subsets of the loop currents in each
network, (See Section 2,6,)

With the line immersed in a homogeneous medium with permittivity

e and permeability u, the product of L and C becomes [1]

L Ol

(2-5)

where ln is *the nyn identity matrix with ones on the main diagonal and zeros

elsewhere, i.e., [§5111 = 1, and [}n]ij = 0, i#j. Fcr this case, the

solution to (2-1) and (2-4) is in a simple fzrm [1]

-G
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[cos(kz)g’go + Ez} +j sin(k.t)} 2, + frfc_lfo}] 1(0)

= VI+ [j sin(kg) 2,2 1 + cos(kf)}n] YO

- ~£~C
+ T - 21 @ (2-6a)
-1
I(z) = -3 sin(x£)Z, Y
+ [cos (k)1 + § sin(k)Z. 2.1 1(0) + I (z) (2-6b)
-~ ~C ~0 - ~-S

where the wavenumber is k = 2n/A, XA = v/£, v = 1/Vie = v0/¢ur€r, vy = l/v’uv,ev

and the nyn characteristic impedance matrix, Zp, is [1]

2= v L -7

-

- S
The inverse of an nxn matrix M is denoted by M t and yscr) and iscr) in

(2-6) are given by [1]
Z
% X) = J- {cos(k(X - x)) V_(x) (2-8a)
-8 0 ~8

-j sin(k(X - x)) Zczs(x)} dx

R b
gs(r) = J(; {cos (k (£~ x)) }s(x) (2-8b)

-j sin(k(£ - x)) Z(;lys(x)} dx.

Solution of (2-6a) for the current vector, }(0), requires the solution of n
complex equations in n unknowns (11(0)). Once (2-6a) is solved, (2-6b)
yields the currents I(£) directly.

In this report, no independent excitation sources in the termination

networks will be considered. The program XTALK described in Vol, VII of

-11-
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this series [2] can be used to compute the contribution to the response due

to these sources. Thus the source vectors in the generalized Thevenin

equivalent representations in (2-4) will be zero, i.e., YO = YJL= 0 where

the rilp zero matrix, O , has zeros in every position, i.e., [ O i = 0 for
mp m-p 3

i=1, ..., mand j=1, ..., p. Thus the generalized Thevenin equivalent

representation becomes

]

V(0) = ~z, 1(0) (2-9a)

V()

1

2,160 (2-9b)

zac the equations for the terminal currents in (2-6) become

[cos (k) (2 + Z,) + 3 sin(k) 12, + 2 -1 2o} 1 100) =

%
(2-10a)
V@ - 2o 1.0

10 = [cos(kD)1_+§ sin(ka) 2,70 2] 1(0) + 1 (&) (2-10h)

As an alternat. formulation, a generalized Norton equivalent represent-
ation may be usedi to (‘iaracterize the termination networks. It we define

Y0 = 20-1 and YI = zzil “he generalized Norton equivalent representation

becomes

o]
-~
(=]
'
]

=Y, V(0) (2-11a)

I = Y V060 (2-11b)

Equations (2-10) can then be written as

[cos (k) (Yg + Yot § sink) 2. ¥ ~ 2.7} ] ¥(0) =
A ’” (2"123)
L@ - Y\ @

1) = -[costzs Yy + 3 sin(kt) 2,01 ¥(6) + I_(2) (2-12b)

-12~
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where I(O) can be recovered from Y(O) via (2-11a).

There remain two basic problems: determining the entries in the per-
unit-length inductance and capacitance matrices, L and g,and determining
the equivalent source vectors, §S(x) and is(Z), which are induced by the
incident electromagnetic field., The derivations of E and 9 for the three
structure types have been given previously [1,9] and will be summarized in
the following sections, It will become clear in the following section that
once the equivalent source vectors, &s(Z) and is(i), are determined for
the TYPE 1 structure, they can be immediately obtained for the TYPE 2 and
TYPE 3 structures with a parazllel development. Thus the basic problem is

the determination of these equivalent source vectors for the TYPE 1 structure.

2.2 Derivation of the Equivalent Induced Source Vectors, ¥ (%) and‘;s(tﬁ,

for TYPE 1 Structures

In order to determine the equivalent induced sources, Vsi(x) and Isi(x)’
consider Figure 2-4, The method used in [3] can be adapted here in a
similar fashion. Faraday's law in integral form becomes

f,E-dc =-jwuf§-'5ds (2-13)
¢, i s {

where Si is a flat, rectangular surface In the x,y plane betweer wire i and
wire 0 and between x and x + Ax as shown in Figure 2-4, The unit normal

> > > >

i 1s n = z where z is the unit vector in the z direction, dSi = dx dy and
Ci is a contour encircling Si in the proper direction (counter-clockwise

according to the right-hand rule). Equation (2-13) becomes for the indicated

integrationl

‘n integrating from y=0 to y=diO’ we are implicitly assuming that the wires
are sufficicently separated so that they may be replaced by infinitecimally

small filaments of current (charge).
-13-
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d,
]’ i0
. [Eti(y,x + Ax) - Eti(x,y)] dy

x+Ax
-j [Eg, (d,0s%) = E, (0,%)] dx
X

X+HAX diO
= -jwu] J Hni(y,x) dy dx (2-14)
0 0

where Et1 is the component of the total electric field (incident plus
scattered) transverse to the line axis and lying along a straight line

joining the two conductors i.e., Eti = Ey; Ezi is the component of the total

electric field along the longitudinal axis of the line, i,e., E21 = Ex;

and Hni is the component of the total magnetic field perpendicular to the

=H.

plane formed by the two wires, i.e., Hni .

Defining the voltage between the two wires as

di0
Vi(x) = —] Eti(y,x) dy (2-15)
0
then i
dVi(x) 1 J’dio
- = lim —— [E_,({y,x + &x) - E__(y,x)] dy (2-16)
dx Axr0 A x 0 ti ti

The total electric field along the wire surfaces is zero since we assume
perfect conductors. (One can straightforwardly include finite conductivity
conductors through a surface impedance as was done in [3]). Therefore

(2-14) becomes in the limit as Ax > 0

~]5=
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dVi(x) diO
L o f B (7,3 dy. (2-17)
0

The total magnetic field is the sum of an incident and a scattered field

B, (y,x) = Hz(y,X)
(2-18)

(scat) (inc)
=H (y,x)+ H_(7,%)
‘-—W——J’..__V—J
scattercd incident
and the scattered field here is considered to be produced by the transmission

line currents, The scattered flux passing between the two conductors per

unit of line length is directly related to the scattered magnetic field and

the per-unit-length inductance matrix, L, as

(scat) jdiO (scat)

¢1(X) = - M Hni(y,X) dy
0
Il(x) (2-19)
[2(X)
alL A ERZPTERTELTY I I
In(X)
L. -

where gij = [L]ij° Substituting (2-19) and (2-18) into (2-17) and arranging

for i =1, ,.., n yields

r 1 ] T
. 10 (inc)
V(x) + JuLI(x) = | juu H(y,x) dy (2-20)
~ 0 :
-16-
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and the source vector ys(x) in (2-1) is easily identified by comparing
(2-20) 2nd (2-1).
For transmission line theory to apoly, the cross—sectional dimensions

of the line (wire spacing, etc.) must be electrically small, i.e., kd10 << 1,

Thus the result indicates that the voltage, V 5 induced in the loop
s
between the ith conductor and the zeroth conductor and between x and

x + Ax 1s equal to the rate of change of the incident flux penetrating this
"electrically small" loop which, of course, makes sense,

Ampere's law yields
B = Jee |32 " W (2-21)

Ey will consist of scattered and incident field components and is written

as

Eti (y,x) = Ey(Y)x)

(scat) (inc) (2-22)
= Ey(y,X) + E_(y,x).
‘h—v__/

scattered incident

Substituting (2-21) into (2-15) we have

d
v, () = ~f RN

0
d (scat) (inc)
10 ) 3H (y,x)  8H_(y,x)
- 2 4 L (2-23)
Juwe X X
(scag) (inc)
aHx(y,x) i BHx(y,x) ;
B dz 9z y.
~17-
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Utilizing (2-19) we obtain

-1 4
Vi = - o Tax Wypotygeeeeaty,) 160
(scat)
d,  3H (y,x) d,, (inc)
1 10 _x 10
T Jue [ 3z dy "'f Eti(y’x) dy. (2-24)
0 0

If we assume that the currents on the wires are directed only in the x

direction, i.,e.,, there are no transverse components of the currents on
(scat)
the wire surfaces , then Hx(y,x) = 0 and (2-24) becomes

1 d
Vi = =g T (P tieeeeotyy] 10D
(2-25)
d, . (inc)
10 ,
- f Eti(y,h) dy'
0

Arranging thes~ equations for i = 1, ..., n we obtain the second transmigsicn

line equation

T + Jupe LT V()

. (2-26)

= -juwpe Ll

-

diO (inc;
Eti (y,x) dy

Utilizing (2-5) in (2-26) (C = ue L_l) e obtain by comparing (2-20) and

(2-26) to (2-1)

d
YS(X) = juou [ 10

L.

-18-
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diO (inc)
I (x) =~ juC j' E  (y,x) dy (2-27t)
=s - ti
0 .

The shunt current sources in Es(x) are therefore a result of the line
voltage induced by the incident electric field being applied across the
per-unit-length line~to-line capacitances which, of course, satisfies our
intuition.

The final problem remaining is to obtain simplified versions of §sand
is in (2-8) to be directly used in (2-10) and (2-12). First consider the

determination of YS(Z). Substituting (2-27) into (2-8a) ylelds

b 4
V@) = juu ! cos (k(£ - x))

430 (inc) °
X ! Hni (y”f) dy dx

.
*

X (2-28)
- kl sin (k(Z =~ x))

i0 :
X Eti (y,x? dy | ? dx.

From Faraday's law we obtain
(inc) (inc)

(inc) 1 oF oF
H, =-——|-&k - |, (2-29)
ni Jou 3y X

~19-
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Substituting this into (2-28) yields

N (inc) ¢ (inc)
vV (L) = j cos(k(X - x)) Foy(digo®) ) = Ep  (0,%)] » dx
) .

- j cos k(L -~ x))
0

(inc).
dig 9E,; (v,%)

X f -——7)-}{—~—dy dx
0 . (2-30)

rd
- kf sin k(L -~ x))
0

diO (inc) .
X Io Eti(y,:f) dy dx.

.
[3

Utilizing Leibnitz's rule (see [10, p. 219]), (2-30) is equivalent to
P ¢
V@) = L cos (k(X~ x))
L

(inc) s (inc)
>( Eli(dio’x) - Egi(O,x) dx

4
-f 3 dcos(k(L~ x))

(2-31)

-20-



and this may be written as

X Z
V@ =L cos (k(£ - x))

(inc) E (inc)
>< Eli(dio’x) - Eli(O,x) dx

diO (inc)

r
E (X’I) dy
o

—

dio (iné)
+ cos (kY) ] E.(¥,0) dy.
O .

Similarly 18(1) may be obtained as

Z
is(x) = "j_Z,C—l JO sin (k(f - x))

j%( (inc) ' (inc)
Eli(dio’x) - Egi\o,x) dx

L]
*

(incs

0 .

(2-33), this becomes

d
- jgc'l sin (k) f 0 g, 4,00 dy

(2-32)

(2-33)

The important quantity in (2~10a) is YS(I) - zfgsct). Combining (2-32) and



V@) - 21 @)

4
= L [cos (k(Z - x)) }n + j sin (k(X - x)) fzfc-ll

(inc) E (inc)
>< Ezi(diO’x) - Eli(o’x) dx

di0 (1nd)
- f Eti (y :t) dy
0 i

(2-34)

-1
]

+ [cos (kX) ln + j sin (kZ)ZizC

>< diO (inc)
L Eti(y,O) dy.

Note that the equivalent forcing function on the right-hand side of (2-10a),

ys(z)-ztls (£), given in (2-34) is simply determined as a convolution of

differences of the incident electric field vector along the wire axes,

(inc) (inc)

Efi(dio’x) - Ezi(o,x), and a linear combination of integrals of conponents

of the electric field vectors at the endpoints of the line which are trans-
(iac) "nc)

verse to the line, Fti(y,x) and Eti(y,O). This is, of course, precisely

the result obtained by Smith [4] for two conductor lines. Substituting

(2-34) into (2~10a) one can verify that the result reduces for two con-

ductor lines (n = 1) to the result given by Smith [4] since ZC’

scalars for two conductor lines and (2-10a) becomes one equation in only

’ZO become

one unknown I(0).

-29-
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The final equations for the line currents then become (substituting

(2-34) into (2-10)

[cos(ky) {Z + Zz} + j sin (kz2) {Z + Z 2 ZO}] I(0) =

Z
f {[cos (k(Z - x)) L (2-35a)
0

(inc) (inc)
+ 3 sin (k(€ - x)) z Z,Z, ] E, (0} dx - E ()

(inc)
+ {[cos(kz)l + j sin(kz)Z Z ] E, 0)}

I@) = [cos(kDL + j sin(ki)zc"lgol 1(0)

L (inc)
- iz, j {sin(k(Z- %)) E, (x)} dx (2-35b)
0

(inc)
- 1 {sin(kzb E (O)}

(inc) (dnc) (inc)
vhere Eg (x), gt(z), and gt(O) are nxl colump vectors with the entries in

the i~th rows given by

(inc) (inc) (inc)
(E, (0], = Eyy (dp0%) - E,; (0,x) (2-36a)

(inc) fdiO (inc)
(E,@1y = | B 6.0 b, (2-36b)

(inc) 10 (inc)
[Et(O)]i =[ (oi,O) do, (2-36¢)

~23-




for i = 1, eoey I,
A word of caution in the interpretation of the notation is in order.
Although it should be clear from the derivation, the reader should never-

(inc)
theless be reminded that the integration path for thecomponentEt is

i
in the y direction when the i-th conductor is concerned, When other
conductors are concerned, the integration path is a straight line in the
y,2 plane which joins the conductor and the zeroth conductor and 1s per-
pendicular to these two conductors. This is designated as Py in (2-36)
and replaces the y variable for the path associated with conductors 1 and
0. The notation may be cumbersome but the idea and the implementation are

quite simple,

Defining the vectors

£ {inc)
M= fcos k(Z~- %)) Eﬁ. (x) dx (2-37a)
0
Z (inc)
r_e=f sin (k(Z- %)) E  (x) dx (2-37b)
0

we may write (2-35) as

[cos (k2) {§0 + g) + j sin(k2) {50 + %t% 'lgo }} 1(0)

(inc) _

=M+ 5 227NN - E, Q) (2-382)

-1 (inc)

+ [cos (kX) %n + 3 sin(k¥®) EIEC ] gt(O)

I() = [cos(ka) 1 + j sin(k2) zc’lzo] 1(0)
- — (2-38b)
-1 o, -1 ne)
-32  N-32 7 {sin(k”) E_(0))

-24=
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For the generalized Norton equivalent representation, equations

(2-38) can be written as

[eos (R (Y + Y} + 3 sin(kd) (%2 + 2o HI-1()] =

-1

YoM+ 325N - Y, (") ()] (2~39a)

+ [cos(kd) Y+ § sin(kx) gglj[géinc)(o)]

e e Wt

1@) = [cos(k) ¥y + 3 sin(k®) 721 ](-V(0)]

(2739%b)

1

-j %E N-j zEl {s1in (k2) giinc)(O)}

and I(0) is obtained from I(0) = —YO v(0) = YO[—Y(O)].

2,3Determining the Per-Unit-Length Inductance Matrix, L, for TYPE 1
Structures
For TYPE 1 structures, one final calculation remains; the determination
of the per-unit-length inductance matrix, L, which is related to the
characteristic impedance, gC’ via (2-7). Ordinarily this is a difficult
calculation [11]. However, if we assume that the wires are separated suf-

ficiently such that the charge distribution around the periphery of each

§ ot et fwan ot

wire is constant, then the wires can be replaced by filamentary lines of
charge., Typically, this will be accurate if the smallest ratio of wire
separation to wire radius is greater than approximately 5 {11]. In this
case, the entries in L for TYPE 1 structures are given by [1,9]
” d, 2
(L1 = ve (€l = 25 (=) (2-40a)

r .r
wi w0

25— I

|
|




+

%
+

R
2

" 40450
[Llyy =welCly;= 7540 (rwodi.) (2-40D)
i#] )

For closer wire spacings, proximity effect will alter the charge distribution
from constant ones and numerical approximations must be employed to find

C and L [11]. Although the entries in L have been derived elsewhere, we

~

shall show a direct derivation which relates the scattered flux passing

between the wires to the wire currents as was used in (2-19).

($cat)

The matrix L relates the scattered flux passing between the

wires to the wire currents as

ﬁscat)_ _ T A

¢ 2 . . L4 z I

(scat) '1 11 1n 1

g = . - L] L] L] (2“41)
(scat) ' : '
[ % S R _In ]

The respective entries are determined as
(scat)
by

2 1 ——

ii I L4 L] = - .

2 [ S (2-42b)
= TR N B SURTTIE SN ST
1# 1 4-1T541 n

and 213 = Zji’ Large wire separations are assumed so that the wires may
be replaced by filaments of current, When the wires are not widely
separated, accurate values for L can be obtained by numerical methods [11].

-~

Consider Figure 2-5(a)., The magnitude of the magnetic field inteusity

26~

4
i
H

o e s an e




Figure 2-5.
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vector due to Ii on wire i at a distance r>rwi away from wire i is

I,

!
B = o

(2-43)

and the total flux passing between wire i and wire 0 due to both currents

is

d d .

(scat) uIi fio 1 jio 1 )
o5 = { ) < dr + ] T dr } :
wi w0 !
(2-44)
2
uly dio
= T in ( r .r ) -
wi w0

Thus 211 is easily identified as in (2-40a).

(scat)
Consider Figure 2-5(b), The portion of the flux ¢i passing between

o g 7T

wire 1 and wire 0 due to -Ij in the reference conductor is as above

(scat) ul, d
e (2-45)
w0 :

and the portion of the flux passiag between wire i and wire 0 due to Ij in

the jth conductor can be found tc be

{scat) 10
¢’1_1 = -uj H do (2-46) )
0
. P=dio (IR
= - .2.‘_W Ij{ 5 , 4
=0 [8g" *+ (0 =071
(5" + 0g0)
- Al 71}
2m 7§ 2 50 + (dio - DO)




Combining (2-45) and (2-46) we obtain

(scat) (scat) (scat) qu djod10
¢ = ¢ + ¢ = In ¢ ) (2-47)
i 10 ij 2m dijrwo .
since
dijz m gt 4 @y - 0 (2-48a)
djoz - 5,2 40} (2-48b)
and Eij is easily identified as in (2-40b),

2.4 Determination nf the Equivalent Induced Source Vectors and the Per-

Unit-Length Inductance Matrix for TYPE 2 Structures

Consider the system of n wires above an infinite ground plane shown
in Figure 2-1(b). The result for (n+l) wires given in (2-35) - (2-39)
can be extended to this case with the following observations., Consider
Figure 2-6, Clearly we may apply Faraday's law in the previous development
to the flat, rectangular surface in the x,y plane ghown in Figure 2-6(b)
between the ground plane and the i-th wire and between x and x+Ax. This
flat, rectangular surface Si lies in the x,y plane, Equations (2-35) -

(2-39) will again be obtained., Equations (2-36) become for this case

(inc) (inc) (inc)
[§£(X)]i = Bf.i(hi’x) - Egi (O,X) - (2-498)
(inc) h1 (ino)
[Et(l)]i = f Eti(pi,f-) dpi (2-49b)
C
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Figure 2-6.
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(inc) h, (inc)

N — 1' -
[E @)1, -f Boy (0450) do, (2-49¢)
0
where Py is a straight-line contour in the y,z plane between the position

of the ground plane, y=0, and the i-th wire, and is perpendicular to the

ground plane, i.e. o, =V This is indicated in Figure 2-6(a).

(inc)
Eli (hi’x) is the component of the incident electric field parallel
(inc)
to the axis of the i-th wire at y=hi and Eoy (0,x) is the component of

the incident field parallel to the gfound plane directly beneath the i-th
wire. In the program, it assumed that the net incident electric fiels
(the vector sum of the incident field in the absence of the ground plan®
and the portion of this field which is reflected by the ground plane) is
(inc) (inc)
obtained. Therefore in (0,x) = 0. Eti

incident electric field parallel to pi and directed in the +y direction,

is the component of the

The per-unit-length inductance matrlx, L, can be obtained in a fashion

~

similar to Section 2.3 by determining the scattered magnetic flux passing

through the surface S, between the i~th wire and the position of the

i

ground plane (the ground plane is replaced by image wires) and is given

by 11,9]
2h
= _ 1 -
lE.]ii = 5 Ln (r ) (2~50a)
wi
d *
[L],, = =— 2n (-2 (2-50b)
~ 1] 2n d,.
ij
i#j
for 1, j=1, ---, n where
2
* = + 2-51
diJ, /;ij Ahihj (2-51)
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2.5 Determination of the Equivalent Induced Source Vectors and the

Per-Unit-Length Inductance Matrix for TYPE 3 Structures

Consider the system of n wires within an overall, cylindrical shield

shown in Figure 2-1(c). Obviously, a parallel developmeunt to that of
Section 2-2 and 2-4 can be used to obtain the equations (2-35) - (2-39).
The image of the i-th wire (assuming the i-th wire can be replaced by

a filament) is located at a distance of rz/r from the shield center as
shown in Figure 2-7 [1]. Equations (2~36) bicome for this case

{inc) (inc) (inc)
[E,(x)]y = Epy (r1.5%) = By (0,%) (2-52a)
(inc) Y7t (inc)
(£, @], = { F( (py,d) dpi (2-52b)
(inc) "s"T1 (inc)
(£, 1 = f B (p;,0) de, (2-52¢)
0

where Py is a straight-line contour in the y,z plane between the i-th wire
and its image and beginning at the interior of the shield. This contour

is on a line between the I-th wire and its image.
(inc)

l&i(rs - ri'x) is the component of the incident electric field parallel
(ine)
to the axis of the i~th wire at y=r -t and Eii(o,x) is the component
of the incident field parallel to the axis of the shield on the interior

of the surface, In the program, it is assumed that the net incident electric

(inc) (inc)
field is obtained so that E21 (0,x) = 0. Eti

is the component of the
incident electric field parallel to pi and directed in the +v direction.

The per-unit-length inductance matrix, L, can be obtained in a fashion
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55 similar to Section 2.3 by determining the scattered magnetic flux passing
2 through a surface between the i-th wire and interior of the shield in the
v,x plane and is given by [1,9]
2 2

i s TN 2-53a)
i = -
o [E]ii 2m n (r r ) ( a
4 s wi
3 r, (r,r )2 +r b _ 2r,r.r “ cos O,
- u i i s ijs ij
- (L],. = <— tn {(=) }
} -1 2m s (rirj)2 + rj4 - Zrirj3 cos 0,
'S i#3
3 (2-53b)
E‘ where Oij is the angular separation between the i-th and j~th wires (see
-3 Figure 2-1).
? 2.6 Determining the Entries in the Termination Network Impedance
i (Admittance) Matrices
1 In order to implement this method, one is required to determine the
' entries in the nxn terminal impedance (admittance) matrices, ZO and Zf
} (Y0 and Y:), which characterize the termination networks at the two ends
% of the line as:
V(0) = -2, 1(0)
4 N Thevenin Equivalent (2-54a)
V(2) = 24 1(X)
i “
-.
1 1(0) = -Y, V(0)
; ~ Norton Equivalent (2-54b)
E Z(Z) = Yt Y(Z)

In these matrix equations, the entries in the i~th rows of the nxl vectors

34~
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V(0) and V(2) are the line voltages of the i-th wire (with respect to the

reference conductor) at x=0 and x=Z, respectively, The entries in the i-th

rows of the nxl vectors I(0) and I(2) are the line currents in the i-~th

wire (directed in the +x direction) at x=0 and x=X, respectively, '

The most straightforward situation occurs when each wire is directly

PO R EY LY i by 10 S Y B e i AN BB AT AR T AL

connected to the reference conductor via a single impedance as shown in

3

Figure 2-8, In this case we may write

ERAT N pon bm s e

Vi(O) = -ZOi Ii(O) (2-55a)

Vi) = 2y I (D) (2-55b)

%
Bl
%
¥
3
%
%
b
#
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"é
&
:
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el
%
4
<%
3
F
7
H
H
o
b
5
§
bls
§
i

KA ot s A i A S f

for iw]l - n "

: and may easily identify the entries in ZO and Zg as
rzm 0 - = === w0 .

i 4

N el T~ | :

- ( ~ N2 S0 (2-56a) K

| ~ \01\ b

N pil ;

r-Z- 0 0 7 }

T G @ e - - ‘4

1 ~ ~ - ' :

0 Z ~ | - ! g

24" l\\’i\ ~ ‘ (2-360)

~ | \\N z ~ \o é

) | ~ &
0--...._-..:0 ~Z

- Zn | 5

~35- ‘




UTRY

TR ‘-W,~W*%\“./¥’~fhm 3%

i R e i e PR PRUSTRRAR:

RO T S

e

g ?»' CRITCOE-= ]

X 2=X 0=X
-~ + 4
. AHV ~ip-
10}2Npuo?) 3duULId}BY
|
“ O | o
7= (1A _ -
v v
r.ﬂ“w - A”V _ ——
- I 9JIM \ uoy
(N'1 _ (0)'1 <.
|
2 S T
|
o v I v
U 9JIM -
(PIYI @ (0)¥1

-36-

Figure 2-8.



~ ST T o AT NREn mmEATAS T mrmewn T ormENEeRyn

Clearly, the entries in Y. and Yzfor this case become

0

—
/z..) b = — .0 -l
01 S [
- 0 (1/z..) ~ ]
%o U RN | (2-57a)
! S - ~
(’)- o ~@/z. )
| - T e == On
¥y —_——— e — N
(1/2) 0 0
0 a/z,.) ~ ~ |
v, - [~ < - 1 - \\(l) (2-57b)
tg T |
(l) \\0 ™ (1/z, )
- = = Zn

Note that 110 = ?od and E’x= g{l In this case, determining the entries
in the terminal impedance (admittance) matrices is a trivial matter and the
terminal impedance (admittance) matrices are diagonal.

The more difficult case occurs when each wire is not connected directly
to the reference conductor by a single impedance. Two examples which
11lustrate this situation are shown in Figure 2-9, First consider the
situation in Figure 2-9(a). Here it is obviously not possihle to obtain
terminal impedance (admittance) matrices which are diagonal. The termination
impedance matrices can, however, be obtained by defining loop currents in

which two of the loop currents so defined are the terminal currents Il(O)

and 12(0). Writing the required three loop equations we obtain
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VZ(O) —Zl Ib - Z3(Ib - IC; - Z4(Ib + Ia - Ic)

Vl(O) = -7

Ia - ZA(Ia + 1 )

2 b Ic

0= 25 Ic + Z3(Ic - Ib) + ZA(IC - Ia - Ib)
The objective is to eliminate the current IC from these equations leaving

Ia = Il(O) and Ib = IZ(O) as a function of Vl(O) and V2(O). The third

equation yields

i (z3 + za) Ib + 2
c (Z3 + Z

4 Ia

I
+ ZS)

4

Substituting this result for Ic into the first two equations eliminates

the current Ic from these equations and leaves

Vl(O) = Za Il(O) + Zb 12(0)

VZ(O) Zc Il(O) + Zd 12(0)

where Za’ Zb, ZC, Zd are the resulting combinations of Z Z

10 Zpr 230 2y 25

and we have substituted Il(O) = Ia’ IZ(O) = Ib.
This technique can obviously be generalized for any number of wires and
additional extraneous loops in the termination networks. Treating the n

line voltages as independent sources and writing the required number of

loop equations for the terminal network, we may obtain

-39~

T



VETIENVETRATRAY, VA RS AAYRIY hal i e ey
: o % A e L L Zp RN R g S B B0 S (TP Ty W S 7 7 ? : 54'
) e o T e RIS 5 R

; e G e m e R f

Y e e ES

[ - - | - -
I
v, (0) | L O
) A | B
N ~ ! ~ .
!
v_(0) nxn j nxm I (0)
e R e T = —— (2-58)
0 J I
|
. C | D . '
i 0 ] -Txn ‘ mym i Im
e -l

-

In (2-58) we may eliminate the extraneous loop currents Il~-- Im by

solving the second sct of equations to yield

- -
. --p? . (2-59)

im In(O)

- = - -

Substituting this result into the first set of equations we obtain

)

V., (0) [ §
1 I, (0)
. =(-2D7og . (2-60)
_Vn(O)_J _In(O)J
n.

K
:
%
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e
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r p—
Il(i)
: A
In(l) ) nxn
0
. c
0

L ] h?xn

Eliminating the extraneous node voltages V

Y

<id>e

| ]

Substituting we obtain

Clearly, then we may identify

1

- (A-BD  C)

acterization employs a dual technique,

—

nxm

41~

~ o~ ~

~
v, &)

A ~

as independent sources. Therefore we write (for x=X)

1,----,Vm we obtain

(2-61)

The extension of this technique to obtain the Norton Equivalent char-
Here we define node voltages (with
respect to the reference conductor at either x=0 or x=I) of all nodes of
the termination network (including the n nodes connected to the line) and

write the node voltage equations of the network treating the line currents

(2-62)

(2-63)

e



Il<z) r§1(13
~ =@a-30L0) ' (2-64)
LIn(-t) vn(i)J

and the terminal admittance matrix is identified as

~ A ALl A
Yi = (A-BD ™~ C) (2-65)

As an example of a Norton Equivalent formulation, consider the termina-

tion network in Figure 2~9(b). Here we may write
L@ = (1/2) V,@
L@ = (1/2,)) [V, -V, (D]
L) = (1/2)) [V, () = V, ()] '

Thus we may identify Yi by writing

- - B - - -
Il(t) 1/22 —.1/z2 0 Vl(z)
12(':) = -1/22 1/42 0 vz(z)

| 13(z) 0 0 1/z1 v3 ¢4

ol d b N . - - J

s

Note for this example, it is not possible to obtain the Thevenin Equivalent

characterization, Z‘, since Ytis an obviously singular matrix,
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IIT. DERIVATION OF THE EXCITATION SOURCES FOR UNIFORM PLANE

WAVE AND NONUNIFORM FIELD EXCITATIONS

In the previous Chapter, equations for the terminal currents of the
line were derived for general forms of the excitation field, In this Chapter,
we will derive explicit formulas for the equivalent induced source vectors
for uniform plane wave excitation of TYPE 1l and TYPE 2 structures. The co-~
ordinate system and reference directions for the incideut field which are
assumed by the program will be indicated. The formulas for nonuniform field
excitation which assume a spatial piecewise linear characterization of the
incident field will also be derived.

In the following, some confusion may arise concerning the use of the
word "vector". A spatial or physical vector will be denoted as E. A
matrix or column array vector is denoted by E. These two "vectors" are

. obviously quite different quantities however the word "vector" will be used

for both with the distinction between the two, although generally obvious from
the context, being denoted by an arrow, -, over the symbol or a bar, -, under
the symbol,

The equations for the terminal currents of the line for all structure

types are repeated here for convenient reference, If the Thevenin equivalent

characterization of the terminal networks is chosen:

v(0)

-2y 1(0) (3-1a)

V@) = 24 1) (3-1b)

then the equatiuns for the terminal currents are
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&

fcos (k) {2g + 23+ sin(kd) (2, + 227" 20} 1 1(O)

i (inc) -1 (inc) (3-2a)
=M+ ] Zi Z N - Et(t) + [cos (kD) }.n + j sin(ke) Z,f .Z,C ] _I_Zt(O)

(inc)
1(2) = -] z {N + sin(kx) E (0)} (3-2b)

+ [cos (k) }n + j sin(k) EC go] I(0)

If the Norton equivalent characterization of the terminal networks is chosen:

[}

1(0) = =¥, V() (3-3a)

1(2)

Y, V(@) (3-3b)

thep the equations for the terminal currents are

[cos(kg) {Y, + + 3 sin(kp) {Y,2, Y, + z. 71 1 [-V(0)]
il I o I

-0, .
l \inc)
=Y M+ ]z, - Y E @) (3-4a)
~ ~ (inc)
+ [cos (k) Yo+ ] sin(kX) Z ] E 0)
(inc)
I(@) = -3 7. {N + sin(k®) E, ) }
~ (3-4b)

+ [cos (kY) Y0 + j sin(k) ZC ] [-Vv(0)]

(inc) (inc)
The nxl induced source vectors M, N, gt(O), gtcx), in these equations

are defined in the previous Chapter for the various structure types and the

entries in these vectors are due to the incident field. It is the purp.. »f

this Chapter to derive the entries in these vectors for uniform plane wave

illumination of TYPE1 and TYPE 2 structures and nonuniform field illumination

of all structure types,

3.1 Basic Integrals

{(inc) (inc)
The entries in the induced source vectors, M, N, Et(O), §t(f),in (3-2) and

(3-4) all involve integrals of components of the incident electric field

-4



intensity vector along certain spatial contours. It is, of course, highly
desirable for computer implementation to obtain closed form solutijons for
these integrals. Throughout the following derivations, we will encounter two
fundamental integrals which must be evaluated. These are designated as

El(a,b,k) and E2(a,b,k) and are given by
b
El(a,b,k) =j X e

a

IRE ix (3-5a)

fb jkx

E2(a,b,k) =j e ds: (3~5b)

a

The straightforwasd solutions of these integrals are

jkb aejka eka jka

i _be - e _
El(a,b,k) =¢( T ) + ( ) (3-6a)

jkb _ e]ka

e

Note that when k=0, evaluation of the solutions in (3-6) will result in
obvious problemg, Of course, the integrals in (3-5) have well defined
solutions for k=0 and these are quite obviously

b2 - az

2

El(a,b,0) (3-7a)

E2(a,b,0)

]

b-a (3-7b)

For values of the argument k equal to zero, the program evaluates (3-7).
The following solutions for the entries in the induced source vectors
(inc) (inc)
M, N, EC(O), gt(x) in (3-2) and (3-4) will be written in terms of these integrals

and the fundamental integrals are stored in the program as function

45~
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subprograms. {See Section 4.2,)

3.2 Derivation of the Source Vectors for Uniform Plane Wave Illumination and

I
TYPE 1 Structures

(inc) (inc)
The basic source vector quantities, M, N, gt(O), Etcz), involved in

the equations for ‘the terminal currents in (3-2) and (3-4) for TYPE 1
structures are given in (2-36) and (2-37) which are

(inc) (inc) (inc)
[E,())y = Eg; (dyo%) = Ego (0,%) (3-8a)

(inc) J diO (inc)

(B, @], = | E 6,0 do, (3-8b)
0
(inc) diO (inc)
[E, ()], = ] Eti(oi,o) doy (3~8c)
0
f (inc)
M =fcos(k(if— x)) EZ(X) dx (3~-8d)
0
L (inc)
N = f sin(k (£ - x)) .FZQ(X) dx (3-8e)
0
(inc) (inc)

where Eii(dio’x) and Ezi(O,x) are the components of the incident electric

field in the x direction (along the line axis) along the i-th wire and along
(inc) (inc)

the refe.ence wire, respectively, The quantities Eti(oi,I) and Eti(pi’o)

are the components of the incident electric field along a straight-line

contour joining the i-th wire and the reference wire in planes (y,z)

transverse or perpendicular to the line axis at x=JZand x=0, respectively,

This contour 1s denoted by Py

The coordinate system used to define the wire positions and shown in

Figure 2-4 is used to define the angle of arrival of the uniform plane wave

~46-

P L o R

o e R




w0

R,

and polarization of the incident electric field intensity vector, In de-

R AP

fining the wire positions for TYPE 1 structures, an arbitrary rectangular

4 coordinate sy:tem is established with the reference wire at the center

(y=0, 2=0) of this coordinate system as shown in Figure 3-1, The i-th wire
{ has coordinates Y=Ys 2724, relative to this coordinate system., The
direction of propagation of the incident wave is defined in Figure 3~2 by
the angles Op and ¢p. The angle OE is the angular orientation of the electric
ol field intensity vector, E, in the plane containing E (which is perpendicular
b to the direction of propagation) and measured from the projection of the y
axis onto this plane. The zero phase reference 1s taken at the origin of

g the coordinate system, i.e., x=0, y=0, z=0,

% The electric field intensity vector can be written in terms of

H; components as [12]

-3 P F4E +E 2]ed(xtlytk 2)
3 Xxm ym m (3_9)

E(inc) in

The {tems Evm’ E Ezm are the magnitudes of the projections of

ym
the x,y and z directions, respectively and ;,;,Z are unit vectors in the
¢ 3 X,y, and z directions, respectively. The quantities kx’ ky’ and kz are the
components of the propagation constant, k, in the x,y and z directions,

4 respectively, To determine these quantities, note that the electric field
| f) # intensity vector can be most directly related to a spherical coordinate

. > > . -
system in terms of the unit vectors r,0,¢ as shown in Figure 3-2, In this

spherical coordinate system, we may write [12]

> >

.

: E=( r+E O+E ¢ k (3-10)
5 = ¥ Om ¢m e

i =47~
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Figure 3-1.

€ry Hr

The TYPE 1 structure.
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where from Figure 3-2

E = 0 (3-11a)
EOm = -Em cos OE (3-11b)
E¢m = -Em sin GE (3-1ic)
K=k<
R=rr=xx+ y ; +z22 (3-11d)

R is a vector from the origin to a point P and Em is the magnitude of the
electric field intensity., To determine the components Exm’ E ,E , k,
ky and kz in (3-9) we simply need the transformation from a spherical co-
ordinate system to a rectangular coordinate system (see reference [12], p.9).

Employing this conversion of coordinate systems, we find

Exm = -Em cos GE cos Op sin ¢p - Em sin OE cos ¢p (3-12a)
Eym = Em cos OE sin Op (3-12b)
o = —Em cos oE cos Op cos ¢p + Em sin OE sin ¢p (3-12¢)

k =k sin 0 sin 3-12d
. o sin o (3-124)

k =k cos 0@ (3-12e)
y p

k =k sin 0 cos 3-12f
. 10, cos ¢ (3-126)

Calculation of the quantities in (3-8) proceeds as follows, The i-th

entry in the nxl vector M is

z (inc) (inc)
(M1, =I cos (k (L - x)){Ey, (d;5,x) - Eg, (0,x)} dx (3-13)
0

-50-
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where
(inc) (inc)
E,; (d500%) = B (0,x) = Exly=yi - Exlgf8
z=z; - (3-14)

=E_ e Tkyx {e_J(ky yg ¥k, 2y | 11}

and the i-th wire has y and z coordinates of Yy and 245 respectively., Sub-

stituting (3-14) into (3-13) one can obtain

L
[T‘_‘I]i =5 {3 (ky vy tk, zi) - 1}] cos (k(£ - x)) eIk gy
0

Xxm
i Kt L (3-15)
-E_ (e 3k vy + K, 2,) _1}{_2_ f TGRS SE
I 0
-jk¥
+§ jej(k-kx)xdx}

0

This result can be written in terms of the basic intergral E2 in Section

3.1 as
E
), = =2 Sy R, ) ~13e3¥% B2(0,2,- (i + k)
(3-16)
+ I 0,2, 0 - k) )
Similarly the entries in the nxl vector N become
F o (inc) (inc)
(N1 =f sin(k(¥ = x)) {E (d, ,%) = E,, (0,%)} dx
0
£ 3-17)

-3 30 e Ogyy Xz gy (KT gy g 4o (k + k)

_ iK% E2(0,%, (k=k_)) }

~51~
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(inc) (inc)
The calculation of the entries in the vectors gt(t) and gt(O)
{inc)
proceeds as follows, The i~th entry in Etﬁt) is given by

(inc) 450 (inc)
[gt\z)li =[ E ;0,0 doy (3-18)

0

where Py is a straight-line contour in the y,z plane (at x=%) joining the
reference wire and the i-th wire. The i-th wire is located at y=y;s 2724
and the reference wire is located at y=0, z=0. The center-to~center

'sé;ération between the reference wire and the i-th wire is diO = /y12+ziz.

Consider Figure 3-3 which shows this contour and the appropriate components

of the electric field along this contour. For this situation, (3-18)

becomes
(inc) 40 .y
[Et (l)]i=[ (Eym cos O + E,, Sin 0) e “'x
0 (3-19)
{e—j(ky cos 0 + kz sin 0) Py }dpi
where
Yy
cos 0 = T (3-20a)
i0
g
sin 0 =1 (3-20b)
10
Therefore, we obtain
(inc) -jk_y, +k z,)
_ -jk I (e y ‘1 z 17 -1 _
[E A))y= (Bppyy B2 e Sy ¥k, 2 (3-21)

This result may be written equivalently in terms of fundamental integral E2
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as
(inc)

_ -jk €
{Et(i)]i— [Eym y; v E,_zle

- x B200,15(k vy +k, z,)) (3-22)

(inc)
The i~th entry in the vector _I:It (0) is given by (3-22) with¥ = 0.

3.3 Derivation of the Source Vectors for Uniform Plane Wave Illumination

and TYPE 2 Structures

(inc) (inc)
Derivation of the source vectors, M, N, gy(O), gt(z), in (3-2) and

(3-4) for uniform plane wave illumination of n wires above a ground plane
(TYPE 2 structures) proceeds similarly. Here, we will cetermine E(inc) as
the net electric field which is the vector sum of the incident wave and
the wave reflected by the perfectly conducting ground plane. In this case,
the net electric field tangent to the ground plane will be zero. Therefore
éiz%g,x) in (2-49a) will be zero. Again, an arbitrary rectangular coordinate
system 1s used to define the cross-sectional positions of the wires., The
ground plane forms the X,z plane (y=0) as shown in Figure 3-4. The zero
phase reference for the incident field witl be taken to be at the origin of
this coordinate system, i.e,, x=0, y=0, z=0. The various angles defining the
direction of propagation of the incident wave and polarization of the electric
field intensity vector are the same as for TYPE 1 structures and are shown
in Figure 3-2,

The primary problem here is to determine the net electric field parallel
to the wire axes and between the i~th wire and the ground plane along a
contour perpendicular to the ground plane., This net electric field is the

vector sum of the incident field (in the absence of the ground plane) and

the portion reflected by the ground plane.
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We may write the incident electric field

>i_ i > i i 2 -3k, x+k y+k 2)
E~ = (Exm x + Eym y + Ezm z) e X y z (3-23)

The angle of reflection between the reflected wave and the grcund plane is
equal to the augle of incidence by Snell's Law [12]. Therefore we may im-

mediately write the form of the reflected wave as

EYf - (8 YT+E

r -3k, x - ky y+k z)
Xm ym

> r -
y+E, z) e (3-24)

At y=0, coutinuity of the tangential components of the electric field re-

quire th.t
F = -t &g (3-25a)
Xm Xm Xm
3
£ =g & .p (3-25b)
zm zm zm

Consequently, the net x component of the electric field is given by

£ - g e-J(kx X + ky y +k, 2) . g e“J(kx X - ky vy + kz z)
X xm Xm
Total

- _ o (k % +k Z){e‘Jkyy - edkyy } (3-26)

- - -jk. x+k_ 2z)
2j Exm sin(ky y) e X z

where Exm 1s the magnitude c. the x comoonent of the incident electric
field, 1i,e., Exm 4 Eim' Similarly, one may chow that the net y ~omponent

of the electric field is given by [12]
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E - -jk x+ k z) _
YTotal ~ 2 Eym cos(ky y) e X 2z (3-27)
The components of the nxl vector M become
z (inc)
] f cos (k(Z = %)) [E, ()], dx
0
z (3-28)
= f cos(k(Z - x)) E dx
X
Total
0 y=y,
Z=Zi
4

[}

-ZjExm e_jkzzi sin(ky yi) J— cos (k(X ~ x))e-jkxx dx
0

I
- -jE ok 2y sin(k_ y,) ].,ejkf olkx mikox
xn y 0

+ e—jkx ejkx e-jkxx} dx

JkZ

. ~ik 2 . -
=-jE_ ez 1 sin(Ly yi) {e E2(0,%Z, ~(k + kx))

-3k

+ e z E2(0,%, (k - kx))}

Similarly calculation of the entries in N yields

4 (inc)
[N], f sin(k(X - x)) [E (x)], dx

0
Z
= ] sin(k(Z - x)) E dx (3-29)
X
Total
0 y=yi
2=z
ikZ

= 7 —ij : 4 n -
Exm e Yz 1 s1n(ky yi) {e 2(0,%, (k+kx))
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—e % g0, %, (k - K ))) (3-29)

(inc)
The entries in §t(iD are given by

i

(inc) Y1
£ 01 - [ dy
x=x (3-30)

= f 2Eym cos (ky y) e-'j (kxx+ kz zi) dy
0

y -
1 Jkyy ik

2

2E e-jkx1 e-jkzzi f dy
ym

0

y
-4k % - y sk
=E e jkx e jkzzi {j iejkyy dy +[ e J yy dy}
m 0 0

Yy 0
- Z -
= Eym e jkx e jkzzi { ejkyy dy +:[' ejkyy dy}
0 =Yy

= E e-jkxx e-jkzzi {E2(-yi, Yy k‘)}

ym M

(inc)
The entries in gt(O) are those of (3-30) withX= 0,

It should be noted that the above quantities can be determined in an
alternate fashion, Rather than determining the net electric field as the

sum of an incident and a reflected wave, simply replace the ground plane

with image wires as shown in Figure 35, The entries in the source vectors

can then be obtained by using only the incident field and treating the image

BT AT TTeT
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of the i-th wire as the "reference" for the i~th wire as

z

(inc) (inc)
[li‘l]i =j cos(k(Z - x)) {EX - Ex I } dx (3-31a)
0 7Yy =Yy
2=z, z=z
i i
z .
=jcos(k(i- X)) {Exm e (kx x + ky vy ¥ kz 24)

0

g e dl xRy ko2 g
Xxm

Z
= Exm e_jkzzi (e-Jkyyi -ejkyyi)fcos(k(f— X)) e_jkxx dx
0

-jk z z -jk x
=-2] Exm e vz i sin(ky yi)j cos(k(Z - x)) e I dx
0

ai B e 9K,24 sn(k, v (eI%%E2(0, 2, - (k + k)

Xm
e 0,2,k - Kk ))
Z (inc) (inc)
(N, =j sin(k(Z - x)) hzx | - E } dx (3-31b)

0 Y=Yy =Yy
Z‘=Zi Z=Zi

4

=j sin(k(Z- %)) {E__ eIk Xt ko y k2

0
bxm e d (kx X ky Yy + kz Zi\} dx

- - -jk z, . jkZ _
= Exm eV z°1 sm(ky yi) {e E2(0,Z,-(k + kx))

- R0,k - k)

-0~




(inc) Yy .
[E (O], =f gline) dy (3-31c)

y =X
Yy z=2y
Yy e 2
=f E e-—J(kx +kyy+kz zi) dy
ym

y
. . i
= E e.-ka"‘f e—szzi f e—Jkyy dy
ym

y
i
-3 r = _s _
= Eym e ka e szzi { ’ e Jkyy dy +f e jkyy dy}

“yy 0
g 0
= }iym e.kaJf e_szZi {f 1 eJkyy dy +f ej yy dy}
0 =Yy
- -jk ¥ -~jk =z ol
hym eV x e z 1 {F2( yi’yi’ky)}

which are precisely the results obtained previously,

3.4 Calculation of the Source Vectors for Nonuniform Fields

Nonuniform field excitation can be specified for all structure types,
The problem here, again, is to evaluate equations of the form in (3-8).
This requires that we specify values (magnitude and phase) of the electric
field intensitv vector along the wires and reference conductor and between
each wire and the reference conductor at the endpoints of the line, To

accomplish this, we will specify values at a finite number of points along
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the appropriate contours and assume piecewise-linear variation of the electric
field (magnitude and phase) between the specified points., This is illustrated

in Figure 3-6.

5 ()
For TYPE 1 strucutres, the values of E, EQO’ along the reference wires
(in the +x direction)at N, , + 1 points will specified as shown in Figure
(m)

01 along the i~th wire at Nli
5 (m (m)

be specified, The values of E, EtO and Eti’ at x=0 and x=Z2along a straight-

20
3-6(a). The values of E, E

+ 1 points will
line contour in the y,z plane joining the reference wire and the i-th wire at
NtO + 1 and Ntt-+ 1 points, respectively, will be specified, Similar quan-
tities will be specified for TYPE 2 and TYPE 3 structures as shown in
Figure 3-6(b) and Figure 3-6(c), respectively, with the exception that E
is taken to be zero along the reference conductor for these two cases.
Piecewise~linear variation of the electric field (magnitude and phase)
is assumed between these specification points @#s shown in Figure 3-7 where
the magnitude of the appropriate component of the electric field is denoted
by l'l and the angle is denoted by[ﬁ; . Thus the problem is the determination
of quantities of the form in (3-8) for this piecewise-linear variation of the
field, The technique is to write linear equations representing the plece-
wise~linear variation of the magnitude and phase of the field between suc-
cessive specification points and add the approprinte integrals over the
adjacent regions.
The first problem then becomes to characterize the linear magnitude
and phase variation between two successive data points., Consider two
successive data points, X and X 41 which specify the magnitude of the
electric field, Em and Em+1, and phase, Om and 0m+1, respectively. Knowing

the end points, one can write linear equations characterizing the linear
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pehavior between these successive points as

|Em(x) =a x+b

Om(x) =c X + dm

E x - E X
b ={ m  m+l m+l m }

- X
m xm+1 m

d ={Om xm+1 - Om+l xm}
m ml xm

The electric field is then characterized by

Em(x) = IEm(x)l ejom(x)

(3-32a)

(3-32b)

(3-33a)

(3-33b)

(3~-33c)

(3-334d)

(3~34)

The quantities of the form in (3-8) which must be evaluated involve

certain integrals involving the form (3-32), The first type is of the

form in (3~8d) which can be evaluated as
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m+1 .
f( cos(k(X - x)) {am X + bm} eJ (cm x+ dm) dx (3-35)

X
m

X+l

= eJdm {am f cos (k(Z - x)) x eIn™ ax

X
m

*ukl
+ bm f cos(k(Z ~ x)) el ¥ dx}

*n

jd
& kL -
> {am ¢ El(xm’xm+l’cm k)

-ikZ - X
+ a e El (xm,xm+1,bm+k)

ejkz

+ bm E2 (xm,x -k)

m+1?m

-jkZ
+b e E2 (xm,xm+1,cm+k)}

The second form is similar to (3-8e) which can be evaluated as

X
m+l
] sin(k(X - x)) {am x + bm} ej <cm x + dm) dx (3-36)

ikZ
m {am e El(xm,xm+1,cm k)
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ik?
+ b eJk E2(x_,x
m m

m+1’cm_k)

_ ~-jk¥
bm e E2(xm,xm+1,Cﬁ+k)}

The third forms are similar to (3-8b) and (3-8c) which can be evaluated as

xm+l
j' (am x + bm) eJ(Cm x + dm) dx (3-37)

X
m

_ Jd
= e’ m {am El(xm,xm+1,cm)

( }
+ bm E2(xm,xm+l,cm),

The program computes the items in (2-36) and (2~37) for TYPE 1
structures; (2-49) and (2-37) for TYPE 2 structures; and (2-52) and (2-37)
for TYPE 3 structures by breaking up the appropriate integrals and adding
the integrals between each pair of successive data points. The data points
need not be equally spaced along the appropriate contours so that one can
model localized, extreme variations in the fields without using an in-
ordinately large number of data points. In specifying the sequence of
electric field components along each contour, one must insure that the

first and last specification points are at the two ends of the contour and

X <X i
m m+1l

«g
]
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IV. COMPUTER PROGRAM DESCRIPTION

The contents and operation of the code will be described in this
Chapter, The cards in the program deck are sequentially numbered in
columns 73~80 with the word WIRE in 73-76 and the card number in 77-80.
The program is written in Fortran IV language and is double precision. A
listing of the program is contained in Appendix B and a general flow chart
of the program is given in Appendix B. In this flow chart, the numbers on
the left and right of the individual boxes denote the Leginning and ending
card numbers of che corresponding portion of the code listing, respectively,
Changes in the program to convert to single precision arithmetic are in~
dicated in Appendix B. The program has been implemented on an IBM 370/165
digital computer at the University of Kentucky using the Fortran 1V G-Level
compiler,

The program requires two function subprograms, El and E2, and one sub-
routine, LEQT1C, which must follow the main program and precede the data
cards. Subroutine LEQTI1C is a general purpose subroutine to solve a set
of n, complex, linear simultaneous equaticns and is a part of the IMSL
(International Mathematical and Statistical Library) package [13]. 1f the
IMSL package is not available on the t.er's system, other appropriate
general purpose subroutines may be used. (See Section 4.2 for a discussion

of LEQT1C and its argument list,) Listings of function subprograms El

and E2 are contained in Appendix C,

4,1 Main Program bescription

A listing of the WIRE program is contained in Appendix B. Cards 0001

through 0055 contain general comments concerning the applicability of the
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program, Cards 0057 through 0060 contain the array dimension information.
All vectors and matrices should be dimensioned to be of size N where N

is the number of wires exclusive of the reference conductor, These matrices
and vectors must be dimensioned appropriately for each problem. Cards 0062
through 0069 declare double precision real and complex variables and
dimension the vector and matrix arrays.

Cards U071 through 0080 define certain constants,

CMTM (conversion from mils to meters) = 2,54 x 10“'5
MUO2PI w u/2n
ONE =1,

P5 = .5

FOUR = 4,

ONESO = 180,
"EXD = 0,

§ANY = 2,

ONEC =1, + 30,
ZEROC = 0, + 30,
XJ = 0, + 31,

V(velocity of light in r:ee space) 2,997925 x 108 m/sec

PI -7

RADEG(conversion from radians to = 180,/n
degrees)

Note that m is computed to the user's machine precision by using the

relationship

tan (v/4) =1

-71~

o e A o A7 SR

R ek g K W T AT AL N S




Cards 0086 through 0145 read and print portions of the input data and
perform certain primitive error checks, These cards read the structure
type (TYPE=1l,2,0r3), the load specification option (LS0=11,12,21,0r22),
the field specification option (FSO=1,0r2), the number of wires, N, the
relative permittivity of the medium, ER, the relative permeability of the
medium, MUR, and the line length, L. In addition, for TYPE 1 structures,
the radius of the reference wire, RW0, and for TYPE 3 structures, the
interior radius of the overall, cylindrical shield, RS, are read.

Cards 0150 through 0197 read the radii, Ly and the z2, and Yy coordinates
(ri and 01 for TYPE 3) for the N wires and compute the entries in the
characteristic impedance matrix, The z and y coordinates are stored in the

real, ny. vectors V3 and V4, respectively:

z; for TYPE 1,2
+ V3(I)

ri for TYPE 3

Yy for TYPE 1,2
+ V4(1)
@i for TYPE 3
In addition, the entries in the nxn, real characteristic impedance matrix,
ZC’ are temporarily stored in the real parts of the nyn complex matrix

Ml, This is done to minimize the required array storage in the program

since the matrix Ml will be needed later as a complex matrix,

Matrix Array
Zc M1 (real part)

2
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Cards 0202 through 0211 compute the inverse of Z,, 2, =, which is

~ ~C

stored in the real parts of the nyxn, complex arrays M2 and M3, Subroutine

LEQT1C computes this inverse by solving the system of equations AX = lp

where 1n is the nyn identity matrix., The solution X is therefore A-l.

(See Section 4.2 for a more complete discussion of subroutine LEQTLC,)

bo.

b

&
A
3

3 Therefore

) Matrix Array

. ZC-1 M2 (real part)
4 -1

4 ZC M3 (real part)

Since the real part of M1l contains the characteristic impedance matrix, the

real part of the nyn, complex solution matrix, M2, will contain Zc-l.

3 Cards 0222 through 0254 read and print the entries in the terminal
; impedance (admittance) matrices at x = 0, Zo (Yo), and at x -if, zdf(Yig'

These are stored in the nyn, complex arrays as

3 Thevenin Equivalent Norton Equivalent Array

% K 0
1 2y Yy YL

Cards 0259 through 0267 interchange the entries in arrays M1 and M2

if the Thevenin equivalent characterization is chosen, Thus

Thevenin Equivalent Norton Equivalent Arcay
1 -1
e Zc 1
-1
Z¢ Z¢ M2
~1 -1
; Zc % "3
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Cards 0273 through 0292 compute the quantities:

Thevenin Equivalent

Norton Equivalent Array
-1 -1
2ot 22 % YoZo Yo+ 2o M2

The contents of this array M2 will be retained throughout any frequency

iteration so that these matrix products need be computed only once.

Cards 0293 and 0294 compute the phase constant for a frequency of one

hertz and its product with the line length:

Quantity Variable
27
k| BB
1 Hertz
(VO//urer)
k‘ll Hertz BBL

To obtain the propagation constant at each frequency, BB is multiplied by

the appropriate frequency.

Cards 0300 through 0323 read the input dats describing the uniform

plane wave if FSO = 1, i,e,, Em, OE’ Gp, ¢p’ and compute the x, y, 2z

components of the electric field and propagation constant (for one Hertz)

as shown in (3-12),

Cards 0327 through 0333 read the frequency on the first frequency card

and compute the propagation constant, k, k&, sin(kX), cos(kf):

-74-
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Quantity

k

kL
sin(kt)
cos (k)

Variable

BETA

BETAL

DS

DC

If uniform plane wave fieid specification is selected (FSO = 1), cards

0342 through 0351 compute certain preliminary quantities to be used in

(inc) (inc)

computing the induced source vectors g,.g,‘gt(O), gt(t). If TYPE 1

structures are selected, cards 0357 through 0370 compute the items in

these induced source vectors as:

Vector

M (3-16)

N (3-17)
{(inc)

E_(0) (3-22,1 = 0)

(Inc)
E @ (3-22)

Array

V1
V2
ETO

ETL

If TYPE 2 structures are selected, the items in the induced source vectors

are computed in cards 0375 through 0386 as;

Vector
M (3-28)

N (3-29)

(inc) .

E (0) (3-30,% = 0)
Tnc)

E, @ (3-30)

Array

vl

V2

ETO

ETL

o
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If nonuniform field excitation (FS0=2) is selected, cards 0399 through
(inc) (inc)
0542 compute the entries in the induced source vectors M, N, E (0), E ().
Cards 0399 through 0439 read the magnitude and phase of the incident electric
field at specification points along the reference wire and compute the
portions of M and N along the reference wire if TYPE 1 structures are

selected, If TYPE 2 or TYPE 3 structures are selected, this computation is

bypassed since for these types of structures it is assumed that the total

electric fields tangent to the ground plane and the interior wall of the
cylindrical shield are zero. Cards 0444 through 0479 read the magnitude
and phase of the incident electric field at specification points along the
wires and compute the entries in M and N for each wire which are stored in
arrays V1 and V2, respectively. (The i-th entries contain the results for
the i~-th wire,) Cards 0484 through 0510 read the magnitude and phase of
the incident electric field at specification points along contcurs in the
¥y, 2z plane between the reference conductor and the i-th wire at x=0 and
compute the entries in éi?gg which are stored in array ETO., (The electric
field is tangent to these contours.,) Cards 0515 through 0542 repeat this
calculation for x=d and compute the entries in éir(‘;g which are stored in
array ETL,
Cards 0548 through 0592 form the equations
[cos (k2) { EO + g‘} + 3 sink) { 2

-1 (inc) ~C _
=M+ j Zg92. " X "_Et(l) + [cos (k) 1+ sin(kg) 222

-1
tIglo o %) 110 = e

1
] E,(0)

for the Thevenin Equivalent specification (LS0=11,12) or

~76-




SRR TR YR

Bl il

[T NPT

s

ket bt e

[cos (k) { Yy + Yg) +§ sin(kd) { Yy 2, Yo + 2,70 1] [-V(O)]

-1 (inc) -1, (inc)
=Y M43z, N- ‘fi_f!}t('r) + [cos(k2) Yet i sin(kg) Ze ] E.(0)

for the Norton Equivalent specification (LS0=21,22), The coefficient matrix
is stored in array A and the right~hand side vector of the equations is

stored in array B, The arrays V1, V2, ETO, ETL contain

Vector Array
(inc)
M- E (D) v
-1 (inc)
EC EC(O) ETL
(inc)
E _(0) ETO
-t
N V2

The main diagonal entries in the array M1l contain ZC

N

Vector Array
ZC"1 N Ml (cn main diagonal)

Subroutine LEQTIC is called for the solution of these equations in card
0596 and the solution vector (I(O) for LSO0=11,12 or -V(0) for LS0=21,22)

is returned in array B.

The terminal currents are computed in cards 0610 through 0641, Cards

0610 through 0618 compute the quantitles:
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Theveain Equivalent Norton Equivalent Array

2, 1(0) 10) = ¥y [-V(0)] WA

Cards 0619 through 0631 compute the terminal currents at x=& for the

Thevenin Equivalent from

-1 (inc) -1
l(t) = -j ZC { N + sin(k) Et(O)} + [cos (k) ln + j sin(k®) Z ZO]Z(O)

and for the Norton Equivalent from

-1 (inc) -1
;(‘t) = - ZC { N+ sin(k?) _E:.t(O) 1+ [cos (kD) YO + j sin(kX) ZC 1 1-v(0)]

4,2 Subroutine LEQTIC

Subroutine LEQT1C is a general subroutine for solving a system of n
simultaneous complex equations., The program is a part of the IMSL
(International Mathematical and Statistical Library) package [13].

The subroutine solves the system of equations

>

X =8 (4-1)

where A is an nyn complex natrix, B is an nym complex matrix and X is an

~ ~

nxm complex matrix whose columns, 51, are solutions to

Ay - Y (4-2)

where Ei is the i-th column of B,

~

The calling statement is

CALL LEQT1C(A,N,N,B,N,M,WA,TER)
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where

t

w
4
=

=
4
3

and WA is a complex working vector of length n., IER is an error parameter

which is returned as1

IER = 128 + no solution error

IER = 129 + A is algorithmically singular [13].

The solution X is returned in array B and the contents of array A are

destroyed,

Subroutine LEQT1C can be used to find the inverse of an nxn matrix by

computing

AX=1 (4-3)
~ ~ al

where 1n is the nyn idertity matrix, Thus the solution is X = A-l LEQT1C

is used in numerous places to invert real matrices by defining the real part

of A to be the matrix and the imaginary part to be zero. Upon solution,

the real part of X is the inverse of ths real matrix, A,

™

4,3 Function Subprograms Fl and E2

Function subprograms El and E2 are used to evaluate (in closed form) the

The solution error parameter is printed out whenever A is singular, The
error is IER-128 so that the solution error will be l1*when A is singular,
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commonly occurring integrals:1 ’

b
El (a,b,k) = ] x 3% gy (4-4)
a

E2 (a,b,k) =ﬁ ejkx dx (4-5)
a 'z
1
Function E2 can be evaluated as ‘
ejkb _ ejka %
E2 (a,b,k) = ——""3"'(‘—'——- (4-6) ‘g
H
which can be written in an alternate form as i
jk(b-a) -jk(b-a) |
E2 (a,b,k) = e ( ) (&7) ;

jk
jk(b=a) -jk(b-a)
1k(g+a) . > . >
= e ( Y} (b-a)
ik (b-a) 2
2

sin{ Eéh:él—} jk (bt+a)
2

= (b~a) k(b-a) e
2

This form of E2 is more attractive from a computational standpoint since the

o b st PR Vi g5 SRR A S o ol KRR

sin(X)/X expression in the final result can be computed quite accurately

S

for small values of the argument whereas the form in (4-6) may suffer from

roundoff errors when k is small, 1In fact,a test was conducted on the IBM

370/165 in double precision by computing the function sin(X)/X for values
of X=1, ,1, .01, .,001, =--, 10"78 until exponential underflow occurred,

The results converged to the expected value of 1. 1In fact,Kfor values of

X from 10-8 to 10'-78 the result was '22--.—--9 -------- .
15 digits
1

Note that these integrals can be analogously viewed as Fourier Transforms.
Although this concept is interesting, it provides no significant help since
the evaluation of these integrals can be easily obtained in a straightforward
manner without resorting to a table of transforms,

-80-~

- il

pdcs

e




TR T (T R TN T

oy,

ISR Y it <o g carr

The function E2 is computed in the function subprogram E2 with

argument list

E2 (A, B, X)

The quantity DIF=B-A is computed as well as the quantities FA=§ DIF and

FB=32(- (B+A). If FA=0, the program evaluates E2=DIF since sin(FA)/FA = 1,

If not, the program evaluates E2=DIF {sin(FA)/FA} ejFB.

Finding a more suitable computational form for El is considerably more

complicated. El can be evaluated as

b
El (a,b,k) = Jﬂ xejkx dx (4~+8)
a
_ bejkb _ nejka . ejkb - ejka
- ik k2

This result can be separated into .. real and imaginary part, 1i.e.,

El(a, b, k) = RE + § IM (4-9)
where
RE = cos(kb) + kb sin(kg) - cos(ka) - ka sin(ka) (4-10a)
k
o = sin(kb) - kb cos(kg) - sin(ka) + ka cos(ka) (4~10b)
k

The real part can be written as
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B

RE = -]2; [2 sin{-l-(-%'-@l} sin fk—(%ﬂ)-)-} ] (4-11)
k

b sin(kb) - a sin(ka)
+ K

ot 2 sin{ 242y gy ¢ Koa),

b™ - a”)

- 2 [ k(b+a) k (b-a)
2 2

+ b2 siﬁéka . a2 siggkaz

Note that this form of the real part of El contains only sin(X)/X expressions

and can be computed very accurately for small X, Notice that as k+0, the real

part becomes

RE = ——--5-—- (4-12)
k>0

which is precisely the value of El(a, b, k) when k=0, Therefore the

imaginary part of ¥l must go to zero as k goes to zero,

The imaginary part of El can be written as

M = sin(kb) - kb cos(kb) - sin(ka) + ka cos(ka)

k2

(4-13)

af{ cos(ka) - Elﬁéké)} - b { cos(kb) - Eiﬁéhhl }
- K

Note that as k+0 there is a distinct possibility of roundoff error in

computing the function

sin(9)

cos(v) - 5 (4-14)
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RE = — [2 sin{ 58]y o4 (RGD)

(4-11)
k

+ b sin(kb) - a sin(ka)
k

2 9 smfhgﬁﬁ} sm{&%jﬁ}
=_(b‘a)[
2 k (b+a) k(b~-a)
2 2

+ b2 Siﬁékb2 . a2 si:fka)

Note that this form of the real part of El contains only sin(X)/X expressions
and can be computed very accurately for small X,

Notice that as k>0, the real
part becomes

5 (4-12)
k>0

which is precisely the value of El(a, b, k) when k=0, Therefore the

imaginary part of Ll must go to zero as k goes to zero,

The imaginary part of El can be written as

M = sin(kb) - kb cos(kb) - sin(ka) + ka cos(ka)

k2

(4~13)

af{ cos(ka) - §1%§523} - b { cos(kb) - sin(kb) }

= kb
k

Note that as k»0 there i1s a distinct possibility of roundoff error in

computing the function

cos (v) - SO (-14)
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converges to 1., Clearly, as k»0, the imaginary part of El, IM, converges
to zero, as expected.

We will select a value of |6] = .01 = ,573° as the point below which
we evaluate a truncated portion of (4-16). The tradeoff here is to select
a value of IOI small enough so that a truncated portion of (4-16) will not
require many terms for sufficient accuracy yet IOI is not too small to re-
sult in round off error when evaluating (4-13) directly, We have selected

the value to be |0| = .01 and will truncate the series in (4-16) to

2
9
a- 1 (4-17)

sig 9 terms in (4-14) are identical to only

For |0| = ,01, the cos ©and

4 digits, This should provide sufficient accuracy to prevent any significant
roundoff error in (4-14), In evaluating (4-16), we will obtain accuracy

to 10 digits by using the truncation in (4-17), (Note, for 0 = ,01, 92/10-10-5,
0*/280 =3.57 x 1071Y, 6%/15120 = 6.61 x 10”17, and teims with higher

powers of @ affect only those digits well to the right of 16 places,) Thus

this criterion seems to provide sufficient accuracy while limiting the

roundoff error in evaluating IM, Therefore, our result is

IM = IMA - IMB (4-18)
where
IMA = %{ dos (ka) - Eifﬁkﬂl } |kal >.01 (4-19a)
3 2
ka® . (ka)
=———3—-{1—"‘1_0'—“} Ikal 5 ool
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(4-19b)

> .01

[kb] < .01

kb
D)} o]
10 )
-85~

{1_(ka2

B = & { dos (kb) - sl
Kb
3

T T D S S
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(4~19b)

> .01
|[kb] < .01

kb

n(kb)
kb }
2
(ka
10 }

3
kb
R

B = & { dos(kp) - &L
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5.1 Transmission Line Structure Characteristics Cards, Group I

WIRE considers (n+l) conductor transmission lines consisting of n
wires in a lossless, homogeneous surrounding medium and a reference con-
ductor for the line voltages, The n wires and the reference conductor

are considered to be perfect (lossless) conductors. There are three

choices for the reference conductor type:

TYPE = 1: The reference conductor is a wire.

TYPE = 2: The reference conductor is an infinite
ground plane,

TYPE = 3: The reference conductor is an overall,

cylindrical shield.

Cross~sectional views of each of these three structure typas are shown in
Figure 5-1, 5~ and 5-3, respectively,

For the TYPE 1 structure shown in Figure 5-1, an arbitrary rectangular
coordinate system is established with the center of the coordinate system
at the center of the reference conductor. The radii of all (n+l) wires,
r.q 23 well as the Z and Y coordinates of each of the n wires serve to
completely describe the structure. Negative coordinate values must be
input as negative data items, FOr example, Zi and YJ in Figure 5-1 would

be negative numbers.

For the TYPE 2 struc re shown in Figure 5-2, an arbitrary coordinate

system is established with the ground plane as the Z axis, The coordinates
Yi and Yj ( positive quantities) define the heights of the i-th and j-th

wires, respectively, above the ground plane, The necessary data are the

-87=
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Figure 5~3. The TYPE 3 structure.
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Z and Y coordinates and the radius, L of each wire,

For the TYPE 3 structure shown in Figure 5-3, an arbitrary cylindrical
coordinate system is established with the center of the coordinate system
at the center of the shield., The necessary parameters are the radii of the
wires, rwi’ the angular position, Qi’ the radial position, ri, of each
wire and the interior radius of the shield, Ty

The format of the structural characteristics cards, Group I, is
shown in TABLE 1, The first card contains the structure TYPE number
(1, 2, or 3), the load structure option number, LSO, (11, 1.7, 21, or 22),
the field specification option number, FSO, (1 or 2}, the number of wires,
n, the relative dielectric constant of the 3urrounding medium (homogeneous),
€ the relative permeability of the surrounding medium (homogeneous), Mo
and the total length of the transmission 11ne,3f, (meters), If TYPE 1 or 3
is selected, a second card 1s required which contains the radius of the
reference wire, oo (mils) for TYPE 1 structures or the interior radius
of the shieild, L (meters) for TYPE 3 stiuttures, For TYPE 2 structures,
this card is absent, These cards are followad by n cards each of which
contain the radii of the n wires, LAPp (mils) and the Z1 and Yi coordinates
of each wire (meters) for TYPE 1 and 2 structures or the angular coordinates
r, (meters) and 0i (degrees) of the i~-th wire for TYPE 3 structures, These

n cards must be arranged in the order { = 1, i = 2, w==, { = n,

5.2 The Termination Network Characterization Cards, Group 1I

This group of cards conveys the terminal characteristics of the term~
ination networks at the ends of the line, x = 0 and x -Jf. fhe termina ‘on

networks are characterized by either the Thevenin Equivalent or the Norton




TABLE 1

e a———

Format of the Structure Characteristics Cnrde, Group 1

Card Group #1 (total = 1):

(a) TYPE (1,2,3)

(b) LOAD STRUCTURE OPTION,LSO,
(11,12,21, or 22)

(c) FIELD SPECIFICATION OPTION, FSO,
(1 or 2)

(d) n (number of wires)
(e) ( relative dielectric

r ‘constant of the surrounding medium)

(£) (relative permeability of the
r ‘surrounding medium)

(8) J,‘ (l1ine length in meters)

total = 1 if TYPE = 1 or 3

Card GtOUP 2 (total = Q) if TYPE = 2 )

(radius of reference)
w0 ‘wire in mils

(b) TYPE = 2: absent

(interior radius of)
s ‘'shield in meters

(0) TIPE = 1: r

(¢) TYPE = 3: r

Card Group #3 (total = n)

(a) rwi(wire radius in mils)

(b) Zi for TYPE 1 or 2 in meters

r1 for TYPE 3 in meters

(c) Y1 for TYPE 1 or 2 in meters

Oj for TYPE 3 in degrees

card column

10
19 -~ 20
30
39 - 40
41 - 50
51 - 60
61 - 70
6 - 15
6 - 15
6 - 15
21 - 30
36 - 45

Note: Cards 1in Group /3 must be arranged in the order:

wire 1, wire 2, ,,., wire n
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Equivalent characterization. These characterizations are of the form

V() = - §0 1(0) Thevenin
, (5-1a)
V@) = E 2I@) Equivalent
I(0) = - XO v(0) . Norton
(5=1b)
I = 3’ ? v(2) Equivalent

(See Volume VII or Chapter II for a more complete discussion of determining
the entries in 30’ Ei . 30 and Zi [2].) The transmission line consists of
n wires which are numbered from 1 to n and a reference conductor for the
line voltages. The reference conductor is numbered as the zero (0) con-
ductor, Thus go, Et' 30, fi are nxn matrices which are assumed to be
symmetric. The n entries in each of the nxn vectors, V(0) and V(X), are
the line voltages with respect to the reference conductor at x=0 and x= X,
respectively. The n entries in each of the nxn vectors, I(0) and 1(2),
are the line currents at x=0 and x=Y, respectively. The currents at x=0
are directed out of the termination networks whereas the currents at x= &
are directed into the termination networks., 7The entries in
these four vectors are arranged in the order wire 1, wire 2, =--, wire n,
The impedance or admittance matrices, EO and §:’°t 30 and ‘ft,
respectively, may either be "full" in which all entries are not necessarily
zero or may be diagonal in which only the entries on the main diagonals are
not necessarily zero and the off-diagonal entries are zero, The user may

select one of four LOAD STRUCTURE OPTIONS (LSO) for communicating the
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§ entries in the vectors and matrices in (5-1). These are: PE

¢ LSO = 11 Thevenin Equivalent representation; &

5 diagonal impedance matrices, ZO and Zt.‘ J f

z ~ ~ i 3

§f LSO = 12 { Thevenin Equivalent representation; ;

. full impedance matrices, Z, and Zgo

% - ~

§ LSO = 21 Norton Equivalent representation; ﬂ

% - diagonal admittance matrices, Y0 and Y I. }

: LSO = 22 Z Norton Equivalent representation; §

full admittarce matrices, Yo and Y 1 ; :%*

The structure and ordering of the data in Group II are given in Table §

2 and can be summarized in the following manner. The first group of cards }

in Group 1I, Group 1I(a), will describe the entries on the main diagonal

%

‘ in !o(fo). Yoﬁ(zoﬂ), and ’fz(f‘z)' Ym(z‘u). These cards must be in

the order from i = 1 to { = n. Each of these entries is in general, com~ '

: plex, Therefore two card blocks are assigned for each entry; one for the 2

! %

; real part and one for the imaginary part. For example, consider a 4 con- *

} ductor line (3 wires and a reference conductor), Here n would be 3, , ;

b i

i Suppose the Thevenin Equivalent c.+vacterization is selected, with the ¥

] following entries in the characterization matric s i }_‘

‘ 7+38 0 0

z = S

~0 0 39 0 | 7

i b

0 0 10+ 311 b

i

, 16 0 0

! -Z-Z = 0 17 + 318 0 ; :

H :

0 0 319 Lo

3 oo

j o

% -94-~ :
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TABLE 2 (cohtinued)

Format of the Termination Network Characterization Cards, Group II

Group II(a) (total

= n)

card column format
real part 1~-10 E
Y011 @os4)
imaginary part i1 - 20 E
@, ..) real part 41 -~ 50 E
Yiii Z11
imaginary part 51 - 60 E

Note: A total of n cards must be present for an n wire line and must be

arranged in the order:

wire 1
wire 2
wire n
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TABLE 2

Group TI(b) (total = n(n~1)/2 if OPTION = 12 or 22

total = 0 if OPTION = 11 or 21 )
card column format

reas part 1~-10 E
You j (zOij )

imaginary part 11 - 20 E

real part 41 - 50 E
Y21y Faygy)

imaginary part 51 - 60 E

Note: If LSO = 12 or 22, a total of n(u-1)/2 cards must be present and

must follow Group II(a), If LSO = 11 or 21, this card group is omitted.

The cards must be arranged so as to describe the entries in the upper

triangle portion of ZO(EO) and z'z(gt) by rows,i.e., the cards must
contain the 12 entries, the 13 entries, ---, the ln entries, the 23
entries, ---, the 2n entries, --~ etc, The ordering of the cards is
therefore:

wires 1,2

wires 1,3

wires 1l,n
wires 2,3

wires 2,4
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One would have selected LSO=11, The n=3 cards would be arranged (in this

order)
¢
7.E0 8.E0 16,E0
Group
11(a) ¢ O0.EO 9.E0 17,E0
10,E0 11,E0 0.E0
card = 1o 50 d
column

0.E0
18,E0

19.E0

4
60

If the terminal impedance matrices were not diagonal, e.g., LSO=12 is

selected, then n(n-1)/2 additional cards, Group II(b), would follow the

above n cards comprising Group Ii(a)., These cards describe the entries in

the upper triangle portion of the termination impedance or admittance

matrices by rows, Suppose the networks are characterized by the Zdnd 2£

matrices:

"7+ 48
Z, = 20 + 121
[ 22 + j23
" 16
?z- 26 + 327
28

20 + j21
19
2 + §25

26 + 327
17 + j18
329

22 + 323
24 + §25
10 + j11

28
329
119

The following n(n-1)/2 = 3 cards must follow the above 3 cards in the

order of the 12 entries first, the 13 entries next and then the 23 entries:
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|
20.E0 21.E0 26,E0 27.E0 ;
Group
I1(b) 22.E0 23,E0 28.E0 0.E0
; 24,E0 25,E0 0.E0 29,E0
: Card 4 4 ¢ 4
i column 10 20 50 60
§ 5.3 The Field Specification Cards, Group III
. {
|
; There are two Field Specification Options (FSO) for sperifying the form
- of the excitation field: @
W
.
| FSO = 1 Uniform plane wave illumination g é
e | of the line(TYPEl or TYPE 2 structures %
8 only) i
| Y
by %
3 FSO = 2 Nonuniform field illumination of i
t the 1line (all structure types) 4
k| ; 53,1 Uniform Plane Wave Illumination, FSO=1 ! 2
49 % %
%; 4 For uniform plane wave illumination of the line, FSO=1l, the format of %
gz ; the data cards is8 shown in Table 3 and consists of two card groups. Card %
:
Group #1 consists of one card containing the magnitude of the electric :

field intensity vector, Em’ the angle between this vector and the projection

A Bl

of the y axis on the plane containing E (this plane is perpendicular to the 7

o

SR s e R SRRy

propagation direction), the angle between the y axis and the direction of

propagation, and the angle between the z axis and the projection of the
propagation vector onto the x,z plane., (See Figure 5-4.) The x coordinate is

parallel to the n wires and reference conductor, and the y,z plane forms

the cross-section of the line. The origin of th. coordinate system,

V-

£ E
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¢
8p
Projectiun of 4
y Axis Onto
Plane Contoininq? 4 <
.c."‘°ogo‘\° |
0\‘Q‘°Q°
\ ot |
N\
e; \ 1
\8 '
T | Transmission -
T ¥ T~—_ Line Axis  «x
/ 7o~
V4 =~ s"
1 ¢P
3
Note: Zero Phase Reference Taken at =0, y=0, 220,
A
o
/ |
%
: Figure 5-4. Definition of the uniform plane
% wave parameters.
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Card Group #1 (total = 1):

& TABLE 3
?f i
|
é;E ’ Format of the Field Specification Cards, Group III, for Uniform Plane Wave
ii é Illumination, FSO=1, (See Figure 5-4)
k™ i' %

! !

!

card column format

ARt St
SRR Y 2T

e

(a) Em (magnitude of the =lectric field 1-10 E
intensity vector in volts/meter)

i b
£

i dma

PR

(b) GE (angle of electric field intensity 16 - 25 E

| vector in degrees)
i: (c) ©_ (angle of propagation direction 31 - 40 E
2 P from y axis in degrees)

(d) ¢_ (angle of projection of propagation 46 ~ 55 E
P ‘direction on the X,% plane from z
axis in degrees)

F b

GRS

it
Pt

et e e SR R R,

; Card Group #2 (total = unlimited)

P o L

1 (a) Frequency of incident wave in Hertz 1-10 E

1

3
Qi {

TP g e

e i
]
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x=0,y=0,2=0, is fixed by the user according to the specification on Card
Group I. (See Figure 5-1 and 5-2.) The zero phase of the incident
wave is taken at the origin of this coordinate system,

Card Group #2 for FSO=1 consists of an unlimited number of cards with
each frequency of the incident wave on each card, More than one frequency
card may be included in this frequency card group. The program will
process the data provided by Groups I and II and the wave orientation data
in Group #1 in Table 3 and compute the response at the frequency on the

first frequency card. It will then recompute the response at each

P AN EE L R O e

SR s

oy

£

e

P L S E A ST R ey

e pteina £ RO

frequency on the remaining frequency cards, The program assumes that the data

on card Groups I and II and the wave orientation data in Group #1 in Table
3 are to be used for all the remaining frequencies, If this iz not intended
by the user, then one may only run the program for one frequency at a time,
This feature, however, can be quite useful, If the termination networks
are purely resistive, i,e., frequency independent, then one may use as many
frequency cards as desired in Group #2 and the program will compute the
response of the line at each frequency without the necessity for the user
to input the data in Groups I and II and the wave orientation data for each
additional frequency. Many of the time-consuming calculations which are
independent of frequency need to be computed only once so that this mode

of useage will save considerable computation time when the response at many
frequencies is desired. If, however, the termination network characteristics
(in Group II) are complex-valued (which implies frequency dependent), one

must run the program for only one frequency at a time,

53 .2 Nonuniform Field Illumination, FSO=2

The format of the Field Specification Cards, Group III, for nonuniform

~101-

oA

Yo s eraaAE e st At e ond i TR Saptd £0 0% gley el SheEen

B e R

PR g e R

PNV




s S kTl

i

3
1

U v

T TR PEIN TS DRI S U - T eon <

[P ENS S tS  e S ss

field 1i1umination, FS0=2, is shown in Table 4, The first card group,
Group #1, cpnsists of one and only one card which contains the frequency
of the field,

The remaining cards contain the values of the longitudinal electric
field (magnitude and phase) along the n wires (and reference wire for TYPE
1 structures) which are directed in the +x direction, and the transverse
electric field along straight line contours joining the i-th wire and the
reference conductor at x=0 and x=J ., The directions of the transverse
field at these specification points are tangent to the contours and directed
from the reference conductor to the i-th wire. For TYPE 1 structures, the
precise location and orientation of the transverse field specification
contours should be clear. For TYPE 2 structures, the transverse field spec-
ification contours should comprise the shortest path in the y,z plane between
the ground plane and the i-th wire, i,e., it should be perpendicular to
the ground plane or directly beneath the i-th wire., For TYPE 3 structures,
the transverse field specification contours should comprise the shortest
path in the y,z plane between the interior wall of the cylindrical shield
and the 1-th wire, (See Figure 5=5.)

The ordering of the card Groups #2-#9 is quite logical but somewhat
involved to describe, The philosophy of the ordering is as follows, If
TYPE 1 structures are selected, we first describe the longitudinal electric
field (magnitude and phase) along the reference wire at (N£0+1) specification
points, This is done in Groups #2 and #3, (If TYPE = 2 or 3, Groups #2
and #3 are omitted and it is assumed that the net incident electric field
is obtained, 1.e., the electric field tangent to the ground plane (TYPE=2)

and the interior of the cylindrical shield (TYPE=3) is zero.) In Group #2,
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20 and the magnitude and phase of the field at

the first specification point at x=0. In Group #3, we compute the locations

of the remaining N, . specification points and the magnitude and phase of the

20
field at each of these specification points. The cards in this group must be

arranged sequentially so that each specification point is iocated to the right

of the previous point. In addition, the last (N£0+1) specification point |

must be equal to the line length,f, i.e., located at x=Z.
The remaining card groups (#4-#9) use the same philosophy as Group
#2 and #3 and describe, for each wire from 1 to n, the quantities (in this

order):

(1) 1longitudinal field on i-th wire,

(2) transverse field at x%0 between the reference conductor and i-th
wire, and

(3) transverse field at x=I between the reference conductor and i-th

wire.

For example, after Group #3 we must have Groups #4~#9 for wire 1, Groups
#4=49 for wire 2, ---, Groups #4~#9 for wire n., This is illustrated in
Figure 5-6,

It should be noted that the incident electric field which one specifies

in Card Groups #2-#9 is the incident field with the n wires (and the
reference wire for TYPE 1 structures) removed, This is inherent in the !
derivations of Chapter II, Thus cne specifies the longitudinal electric

field at points along the positions of each wire,
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Group #1

} Absent if TYPE = 2 or 3

|

Group #2
Group #3

ive #1

for w

.
L]
L
.

Group #4
Group #9

} for wire #2

Group #4
Group #4 )
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Ordering of Card Groups in
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Group III for FSO = 2

Figure 5-6,




TABLE 4 (continued)

Format of the Field Specification Cards, Group 11I, for Nonuniform Fields,

FSO = 2 (see Figure 5-5)

: Card Group #1 (total = 1): . card column format
(a) Frequency of incident field in 1-10 E
Hertz
total = 1 if TYPE = 1
Card Group #2 (o sene 3£ TYPE = 2 or 3 .
(a) Nzo (number of field specification 1-10 I
points along reference wire
© - Nz0+1)
() |E 1 (magnitude of electric field 21 - 30 E
20
along reference wire in +x
; direction at x=0 in volts/meter)
; 3 ¢
! () fE;g) (phase of electric field along 41 - 50 E
reference wire at x=0 in
degrees) g
|
total = N _ {f TYPE=l ’
Card Group #3 Sgbsent 1£*8vPE = 2 or 3’ '
) o oian
(a) x (eiec:ric field specification 1-10 E
20
paini: along reference wire in
meters)
Gni
(b) lzm (mevaitude of electric field 21 - 30 E
at L,Q) in +x direction in
volts mater)
41 - 50 E

(m}
(c) Ezo (phase of electrin field at
m)
xéo in degrees)

N,.)
aud X 0 (the last specification point) must equal

M= 12,5, Npy aud x4
length,f « The cwras in Group #3 must be arranged such that

the line
() (m+1)
e X0

B PO
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TABLE 4 (continued)

! Card Group #4 (total = 1) ) card column
: (a) sz_i (number of field specification 1-10
. points along i~th wire =
! Zi+l)

(b) lEzi] (magnitude of electric field 21 - 30

in +x direction along i-th
wire at x=0 in volts/meter)

©) [ED (phase of electric field along 41 ~ 50
i-th wire at x=0 in degrees)

Card Group #5 (total = Nzi)

(a) xig) (electric field specification 1-10
point along i=-th wire in
neters)

(b) I(magn{tyde of electric field 21 - 30
at xg in +x direction in

volcszmeter)

() Eéi) (phase of electric field at 41 - 50
) in degrees)

(N,,)
Note: m = 1’2’-"’N21 and xM‘z':L (the last specification point) must

o PP NG iy SN, g s WAV TR S A B 8y

s EE A A e BN A

: equal the line length,I. The cards in Group #5 must be arranged such
that

L@ @)
21 21

Card Group #6 (total = 1) f

(a) NtOi (number of field specification 1-10 I
points at x=0 on straight line %
contour between reference con~ : :
ductor and i~th wire = N__ +1)

t0i
(b) [Eégzl (magnitude of electric field
~ on contour at x=0 in volts[meter) 21 - 30 E

ikl
S
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TABLE 4 (continued) ¢ ‘\
Card Group #6 (total = 1) continued caxrd column fommat 4
(c) ( ) (phase of electric field on 41 - 50 E
Eroi
contour at x=0 in degrees)
Card Group #7 (total = NtOi)
(a) p(m) (electric field specification 1-10 E 2
t0i |
point on contour between re- i k-
ference conductor and i-th wire b
at x=0 in meters) k.
(b) |E(t83.| (magnitude of electric field on 21 - 30 E ) ’
contour at x=0 at pt‘gi in
volts/meter) |
(c) Eétgi (phase of electric field on 41 - 50 E :,
contour at p(m) in degrees) E:
(Neo4) |
Note: m = 1’2’-“’Nt01 and P ot (the last specification point) must be ;
R

The cards in Group #7 must

i

1

;

; located at the center of the i-th wire at xa«0,

3

: be arranged such that

L@ () ;
1 tOi t01

g

Card Group #8 (total = 1)

(a) Nt'.'.i (number of field specification 1-10
points on straight line contour
at x=Z between reference conducter

and i-th wire = N il + 1)

® EQ)] (magnitude of electric field 21 - 30 |
on contour at x=¥ in volts/meter) |

3 (c) Eﬁgl (phase of electric field on contour 41 - 50 E
at x=Z in degrees)

-110-

.

LGB e,
N ‘E\,w@w Hunee g
R T




g
/]
4

T T
e VRIS DO

Vem sttt e e

RSP SR

Hroemt soran e <

[PURUP

e

A Ty SR RN S B 21 v e

e T T R
g ‘m&}%, i W o Rty g ﬁ;@ J.»aé‘%ﬁjﬂ o

TABLE 4 (continued) -

Card Group #9 (total = Nz ) card column . format
(a) pé:i (electric field specification point 1-~10 E

on contour between referénce con-
ductor and i-th wire at x=X in meters)

(b) ]EE;il (magnitude of electrié field on 21 - 30 E
contour at x=X at pgg. in
volts/meter)

(c) Eégi {phase of electric field on corntour 41 - 50 E
at x=Z% at pt;‘i in degrees) '

(N_.) .
Note: m-l,2,-----,l‘1tzi and p tz::i (the last specification point) must be

located at the center of the i-th wire at x=Z . The cards in Group #9

must be arranged such that

(m) (m+l)
Pegs  Peat

Note: Card Groups #4 - 9 must be repeated for wires 1 to n and arranged

gsequentially for wive 1, wire 2, ~~-, wire n,
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EXAMPLES OF PROGRAM USAGE

VI.

Several examples of program usage will be described in this Chapter,

These examples will serve to illustrate preparation of the data input cards

as well as provide partial checks on the proper functioning of the program,

The data input cards as well as the computed results will be shown for each

example,

6.1 Example I

In this Chapter we will show an example of a two wire line above a
ground plane (TYPE=2) illuminated by a uniform plane wave (FSO0=1)., The
solution for the terminal currents for a 1 volt/meter field with several

angles of incidence will be shown. The image problem will also be con=-

sidered by replacing the ground plane with the images of the wires resulting

in a four wire line (N=3,TYPE=l), The corresponding currents in the wires

for the problem of two wires above a ground plane should be twice those for

the image problem,

6.1.1 Two Wires Above a Ground Plane

The problem considered here is shown in Figure 6-1,
Wire #2 has a

Wire #1 has a

radius of 30 mils and is 5 cm above the ground plane,
radius of 10 mils and 18 2 cm above the ground plane. The two wires are

separated horizontally by 4 cm, The cross-section of wire #1 is located

at y=5 cm, 2=0, The cross-section of wire #2 is located at y=2 cm, z=4 cm.
The line length is 5m and ur'l’ er=1 (a logical choice although any €y

and M, may be used in the program}, Each wire is terminated with a single
impedance (in this case purely resistive) between the wire and the ground

plane. Clearly one may chose the lbad structure option of LSO=11 with the
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terminal impedance matrices

100 0 500 0
o |0 g |
0 500 0 10004

Three orientafions of the inéident field will be considered:

) t ° = ° = o
(a) Ej = 1V/m, 0, = 30° 0 = 150°, ¢, = 40

= ° E 3 e = ‘ °
(®) E = 1V/m g =0°, 0O =90° ¢ =90

() E =1V/m o =0°, ep = 180°, ¢p = 90°

Notice that case (b) has the wave propagating in the +x direction along the

line axis with E in the +y direction, i.e.,
Bty

Case (¢} has the wave propagating broadside to the line (in the =~y direction)
with E in the +x direction, 1i.e.,
E= W3
Four frequencies of excitation will be investigated:
1 MHz, 10 Mz, 100 MHz, 1GHz
(1E6), (1E7), (1E8), (1E9)

and since the loads are resistive, the frequency iteration feature of the

program can be used by simply placing all four frequency cards as a group

at the end of the program,

The reason for using these frequencies is that for 1 MHz, the cross-

gectional dimensions of the line are electrically small, For 1 GHz, they
are not, This will serve to further i1llustrate why we require that the cross-

sectional dimensions of the line be electrically small, To illustrate this

let us arbitrarily select the distance between wire #1 and the image of wire

#1 to be the "largest" cross-sectional dimension of the line. This distance
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is given .y

d = 10 cm
max

The quantities kdmax (in degrees) at the above four frequencies are:

frequency kd oo (degrees) dmax/x g .
1 E6 ' .12 .000334
1 E7 1,2 .003336
1 E8 12,0 .033356
1 E9 120.0 «333564

Notice that for the frequency of 1 E9, the cross~sectional dimensions of the
line are certainly not electrically small, For the other frequencies, they
probably are.

The input data cards for the angles of incidence in (a), (b) and (c)

are shown in Figure 6-2(a), (b) and (c), respectively. The results are

shown in Figure 6-3,

6.1.2 Two Wires Above a Ground Plane by the Method of Images

Here we solve the problem considered in the previous section by the
method of images. The image problem becomes a four wire problem (N=3,
TYPE=1) as shown in Figure 6-4, Here we choose (arbitrarily) th> image wire

of wire #1 in the previous problem as the reference wire., The various

wire radii, and coordinates are:

=115~
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- . Data cards for the prgblem in Figure 6-1
Figure 6-2(c) with Em =1 V/m, QE-0°. 9p-180°, ¢p-90°.
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(8) B =~1V/m, g =30, 0 =150, ¢ =40

f =1 MHz

I,(0) = 3.298E-6 [89.41 I () = 2.837E-7 [86.22
1,(0) = 7.3361;-7{ 88.68 I, = 1.782E—7/-91.58

f = 10 MHz

1 Il(O) = 3,315E-5 [ 84.07 IICZ) = 3,116E-6 /53,64

12(0) - 7.191E-6z 76.96 Iz(!) = 1.732E~6l-105.55

f = 100 MHz

11{0) = 2,495E-4 l-1.650 Il(xo = 1.024E~4l-142.78
12(0) = 3.450E-5 { 4,802 Iz(z) = 1.101E-5[-177.51

e e A———— § £ ENIRE A

f =1 GHz

G At RS e e

O Ly

s

e

£ Sy e, LA e A RTISHIINS | bbby (5T T

o ot Sl B

11(0) = 2,089E-4 l 3.521 11(19 = 9.3152-5l~139.76
12(0) = 3.317E-5z-10.474 IZ(XD = 1,089E-5 1172.48

Figure 6-3, The problem in Figure 6-1,

=119~

L AR R TR R

Sriatvatay

3505 R, P R

I
a
>

4
%
b

%
A




f =1 MHz

11(0) = 9,294E-6 l89.09

12(0) = 1'963E-6 88044

f = 10 MHz

11(0) = 9,316E-5 [ 80.85

12(0) = 1,920E-5 £74.56

f = 100 MHz

PR S L g

Il(o) - 40638E‘4 '37008
Iz(O) = 6,602E-5(~-24,28

f =1 GHz

Il(O) = 4,587E~4/-37.91

o e R A BRSSPI TS

12(0) = 6,567E~5[/~24,92

(b) Em =1 V/m, QE = 0, Gp = 90, ¢p = 90

2,333E-6 187.87
10432E‘7l-93046

L,
Iz(i)

20336E‘5 168.63
1.383E~6!-124.51

Iz(t)

Ilﬁf) - 1.150E-4l-156.86
12(1) = 3,021E-6 170.15

11(2) = 1.1388-4!-158.&3

IZCK7 = 3,054E~6 [68.47

Figure 6-3, The problem in Figure 6-1.
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(c) Em =] V/m’ 0

g = 0s €, = 180, ¢ = 90

f =1 MHz
1,(0) = 3.494e~6 [90.,08 I,(0) = 3.493E-6 [89.27 ,
. v % <8
! 1,(0) = 5.590E-7 [89.95 I,(2) = 5.589E-7 [ 89,44 ‘ B
'
! £ =10 Miz
f 1,(0) = 3.5538-5 [90.71 I,(£) = 3.500E-5 [82,65 ;
i 1,0) = 5.656E-6 [89.41 1,(f) = 5.581E~6 [ 84,45 f
| 3
] 4
15 z
: f = 100 MHz 4
1,(0) = 5.316E-4 [33,83 1,(2) = 1.9888~4 [~6,817 ,
1,(0) = 8,392e-5 52,80 1y(2) = 4.634e-5/ 33,77
f =1 GHz
A 1,(0) = 4.402E-4 [33,09 1,0 = 1.6328-4 [=7,429
3 1,(0) = 8.585E-5 [52.98 I,() = 4.6642-5 37,48

Figure 6~3. The problem in Figure 6-1,
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4cm

Referance Wire
Example I, the image problem for

Figure 6-1.
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Wire Radius fl Zl
0 30 mils 0 0

1 30 mils 0 10 cm
2 10 mils 4 cm 7 cm

3 10 mils 4 cm 3cem

1 The four frequencies of excitation for the ground plane problem in

. the previous section (IMHz, 10MHz, 100MHz, 1GHz) as well as the three

orientations of the plane wave will be considered here. Note here that the

zero phase reference for the plane wave is not the same as for the ground

] plane problem, Here the zero phase reference is displaced downward (in

the -y direction) from the zero phase reference for the ground plane problem

in the previous section by 5 cm. This means that the pliase angles of the

# currents in this problem will differ from the phase angles of the corresponding
:

currents in the ground plane example by k(5 cm) degrees or

e 8@ LATRORE

firequenc k(5 cm) (degrees
Irequency

1 MHz .0600

e S AL,

10 MHz +6004

‘ 100 MHz 6.0042

1 GHz 60.0415

! The next problem remaining is to determine the appropriate representation

of the terminal networks., This type of situation was considered in Section

2.6 of Chapter 1I, From Figure 6-4 we may write (note that the line

voltages are with respect to the reference wire here)
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1,(0) = =(1/200) V,(0)
1,0) = (U/1B)(V,(0) - V,(®)
1,0) = AV, - ;)

I,@) = (/1K) Vv, &)
L, = (/) V(0 - V()
L@ = A/Z) (V) - V, ()

Thus we select the load structure option LSO = 22 and the terminal admittance

matrices become
SE-3 0 0 f1I-3 o0 o

YO = 0 1E-3 ~1E-3 YI =1 0 SE~4 ~5E~4

" 0 -lE-3 1lE-3 -~ 0 =5E-4 SE-4

The input data cards are shown in Figure 6-5. The results are shown in

Figure 6-6,
Note that for all angles of incidence the magnitudes of IZ(O) and 13(0)

for each frequency are equal as are the magnitudez of 12(20 and 13(10.

Further note that 12(0) and 13(0) are precisely 180° out of phase as are
12(1) and 13(10. Therefore we have

12(0) + 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>